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ABSTRACT OF DISSERTATION 
 
 
 
SYNTHESIS, DESIGN, AND  
EVALUATION OF THE FLUORESCENT DETECTION  
OF POLYCHLORINATED BIPHENYLS(PCBs) IN AQUEOUS SYSTEM 
 
The exposure to halogenated persistent organic pollutants (POPs), such as 
polychlorinated biphenyls (PCBs), has been linked to numerous inflammatory diseases, 
including diabetes, cancer and lowered immune response. PCBs have low solubility in 
water, and they interact with other contaminants, making their detection quite 
challenging. While, there have been several attempts at improving the ease of detection 
and sensing of PCBs, gas chromatography-mass spectrometry (GC-MS) remains the gold 
standard. However, despite its ubiquitous use, GC-MS is a challenging technique that 
requires high skill and careful sample preparation, which are time-consuming and costly. 
As such, there is still a need to develop a sensing system that can detect PCBs in a more 
efficient manner.  
In this work, we hypothesize that the dilute concentration of PCBs in water can be 
detected using a fluorescent displacement assay. To test this hypothesis, we screened a 
series of fluorescent molecules that were used as a fluorescence quenching pair. The 
displacement pair(BaP/curcumin) was evaluated in polymer microparticles (MPs) for 
higher sensitivity. Curcumin was immobilized to the MPs and BaP was kept free for easy 
displacement in the solution. MPs indicate good binding of BaP that does not come off in 
the solution. However, BaP displaces from the MPs in the presence of PCB. The enhanced 
signal of BaP indicates the presence of a novel hydrophobic interaction between BaP and 
PCB in water. This hydrophobic interaction leads to the successful detection of PCB. BaP 
fluorescence increases with trace concentrations of PCBs in water. To determine the 
selectivity and robustness of this response, the impact of pH, ionic strength and humic 
acid to mimic freshwater conditions are explored. BaP was able to detect PCBs in the 
micromolar range. The fluorescent dye was then immobilized on the polymer network for 
enhanced sensitivity and recovery. For this purpose, BaP analog pyrene is used, which 
behaves similar to BaP in water with PCB. This molecule was functionalized into the 
monomer and is polymerized into the hydrophilic polymer network for pH-based swelling, 
to allow PCBs within its network for the interaction with pyrene. These MPs are 
characterized using different techniques and their interaction with PCBs was studied. 
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CHAPTER 1. INTRODUCTION 
Polychlorinated biphenyls (PCBs) are man-made chemicals that were introduced in the 
environment as early as 1929 by Monsanto Chemicals in the United States.1,2 They remain 
detectable in the environment, despite the ban on their production in 1970s. The 
Stockholm Convention categorized PCBs as persistent organic pollutants (POPs). 
According to the United Nations Environmental program3, “POPs are chemical substances 
that persist in the environment, bioaccumulate through the food web, and pose a risk of 
causing adverse effects to human health and the environment”. The Stockholm 
Convention has defined twelve different chemicals as POPs and divided them into three 
categories (pesticides, industrial chemicals, and by-products). PCBs are one of them that 
fall under the “industrial chemicals” category. PCBs have very stable chemical and 
physical properties under high temperature and pressure; it is non-flammable and non-
conductive. These unique properties made PCBs ideal for hundreds of commercial and 
industrial applications including capacitors, heat transfer fluids, insulating and cooling 
fluids in transformers, in caulking material for sealant, plasticizers in paint and lubricating 
material, etc. The distribution of commercial applications of PCBs is shown in figure 1.1. 
Before July 2, 1979, nearly all the capacitors were 100% filled with PCBs.4 PCBs allowed 
the capacitor’s size to be smaller that lowered the cost and even some cities and 
insurance companies required to use only PCB containing electrical parts where fire-
resistance was serious.5 On the other hand, PCBs have saved many lives over the decades 
that could have been lost by using less fire-resistant electrical parts.6 PCBs were present 
2 
 
in almost all of the buildings and still present in old schools and hospital buildings that still 
have old paints and caulking material. 
Figure 1.1: Industrial uses of PCBs (1929~1975 ).7 
 
Although it was first commercially manufactured in 1929, the toxic effects started getting 
attention in the 1930s and it took a couple of more decades and few incidents to consider 
PCBs harmful enough to ban commercial production. PCBs have adverse effects on human 
health; they are carcinogenic, cause neurotoxicity and decrease the normal brain 
functions that lead to the disruption of many other normal body functions. It is very 
important to keep the PCB level close to none in our intake. EPA has an enforceable level 
of 0.0005 ppm (0.0015 µM, based on the average molecular mass of 329.0186 g/mol) of 
PCBs in water.8 The history of PCBs is illustrated below in figure 1.2. 
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Figure 1.2: Timeline with known history related to PCBs.9–23 
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It is very important to have methods that are capable of detecting PCBs in water. PCBs 
accumulate in body fat over time. The continuous exposure to a very low concentration 
can cause long term health effects. Based on the adverse effects on human and animal 
health and the resilient nature of PCBs. There are various sensing methods mentioned in 
the literature for PCBs. These techniques can either detect PCBs in the solvent or 
indirectly sense PCBs by pairing it with another molecule. Each method has some 
limitations. For example, Gas chromatography Mass spectroscopy (GC-MS) is used as a 
standard technique for detecting PCBs in a sample. This instrument can detect PCBs 
directly in the organic solvent. It needs high sample purity, which leads to time-consuming 
extraction and sample processing. It also needs organic solvent extraction24, to 
concentrate PCBs for analysis. However, GC-MS is a highly sophisticated technique that 
requires well-trained personnel for better results reproducibility. These solvents have 
environmental risk and hence improved methods are needed to avoid these deficiencies.  
There are other techniques being developed for sensing PCBs. These methods detect the 
changes in properties of analytes resulting from the interaction with PCBs. Most sensors 
are classified as biosensors that have biological derived aspects; such as an antibody, 
enzyme, lipid, nucleic acid, tissue structures, receptor, antigen, organelle, or biomimetic 
component. These components interact or bind with PCBs to change their properties in 
density, thickness or elasticity. Biosensors have several drawbacks, for example, high 
enzyme processing cost, longer response and recovery time, reusability challenges and 
nonspecific interactions.25,26 There is still a need for an inexpensive, easy and stable 
system to sense PCBs. In order to develop a new method for PCB detection, affinity and 
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displacement-based technique will be used to attract PCBs. This will reduce the need of 
sample purification as compared to existing methods. The affinity-based capture and 
sensing method is well documented in the literature with antibodies, where it uses “plug 
and play” approaches. Antibodies can bind almost any molecule and can replace any 
substances (polyaromatic hydrocarbons) with environmental side effects.27 However, 
antibodies have cost and long-term stability issues 28–30, which can limit usage for 
capturing and sensing of PCBs in the water. 
Other techniques are being studied to detect PCBs including surface-enhanced Raman 
scattering (SERS), surface plasmon resonance (SPR), electrochemical impedance sensors, 
whole-cell sensors, and micro-flow immunosensor chips. While these systems are exciting 
possibilities for quantifying and detecting PCBs in environmental standards, none has 
become a standard of detection owing to the limited flexibility and is too costly to be a 
survey approach.24,27–30 
The research work presented here proposed new techniques for the detection of PCBs in 
water. This method uses a fluorescence technique that is relatively low cost, easy, 
sensitive, fast and can be used with the minimum technical background. The complete 
work has divided into four parts. Firstly, we hypothesized that PCBs can be indirectly 
detected using a fluorescent displacement assay. We started with the fluorescent 
interaction of polyphenolic molecules with other fluorophores to screen a quenching pair 
that will be used for PCBs sensing.  
Secondly, we selected the polyphenolic molecule for immobilization due to the presence 
of multiple functionalized sites. It will provide biomimetic pockets for the fluorophore 
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binding, which will be displaced by PCB. It involves chemical modification of the 
polyphenolic molecule by acryloyl chloride for crosslinking into the polymer chain. In this 
way, one of the molecules from the first part was polymerized into the polymer network. 
It acted as a pocket for the capturing and displacement of the fluorescent probe with PCBs 
in the water.  
Thirdly, we hypothesized that PCB can form a complex with a hydrophobic dye in water 
that will change the fluorescent properties of the fluorophore. This work utilized the 
hydrophobic effect in which water makes clathrate cage around the molecules and 
pushes them to stay close to each other. This phenomenon changes the fluorescence 
properties of the fluorophore that results from the hydrophobic interaction of the 
molecules. We also demonstrated that this kind of interaction is affected by the presence 
of physical properties and impurities in the water.  
Lastly, polymer particles are prepared to immobilize the fluorophore to enhance their 
sensitivity and stability and possible recovery. Functionalized pyrene was first linked with 
the linker molecule through the esterification reaction that was confirmed using different 
characterization techniques and then this pyrene monomer was polymerized with the 
polymer. These particles are studied using fluorescence techniques and their interaction 
with PCBs was evaluated.  
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CHAPTER 2. BACKGROUND 
2.1 PCBs as a worldwide problem (World history of PCBs) 
The first “PCB-like” molecule was first discovered in 1865 in the byproduct of coal tar. A 
few years later, a German chemist synthesized PCBs in 1881. In the US and Europe, its 
commercial production started in 1929, while Japan’s production of PCBs started in 1954 
with China following in 1965. As a result of this production, PCBs are present in every part 
of the world. In the mid-1930s, its toxicity was recognized due to several medical cases 
and research published linking PCBs to adverse health effects.11 In 1967, Swedish 
scientists proved that PCBs were present in the food chain; in birds, fish, pine needles, 
even their children's hair.12 Owning to the harmful effects of PCBs, production was 
banned in 1972 in Japan. The US stopped in 1979 and Europe in the mid of 1980s. The 
Democratic People’s Republic of Korea was the final country to continue to produce PCBs 
until they planned to reconsider its production in 2012.13 An estimated total cumulative 
production states that 1 to 1.5 million tons of PCBs products were manufactured 
worldwide.13 The US produced nearly 600,000 tons of PCBs between 1930 and 1977. 
Whereas, Europe produced around 450,000 tons up through 1984. Industrial products 
containing PCBs were exported all over the world. The US alone is responsible for around 
46% of global PCBs contribution. Figure 2.1 shows the spatial distribution of PCBs 
industrial consumption based on the population density. Europe, US, Japan, and Korea 
are more prominent among the countries that used PCBs.31 Whereas, figure 2.2 shows 
the worldwide production of PCBs. Until 1970s, capacitors were consuming around 50% 
of the PCBs and transformers were the second largest industrial product containing PCBs. 
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Due to the presence of these old electrical parts and their poor disposal and handlings, 
PCBs are found all over the world. PCBs are still present in transformers in Havana, Cuba, 
in cooking oil in some African countries, in welding cooling oil in Sri Lanka.32 PCBs effects 
were also found in arctic polar bears and in 90 % of German sheep livers.32 
 
 
Figure 2.1: Estimated cumulative global usage of PCBs (legends in ton) with 1o X 1o 
longitude and latitude resolution.  
(Reprinted from The Science of the Total Environment, 290, Knut Breivika, Andy 
Sweetman, Jozef M. Pacyna, Kevin C. Jones, “Towards a global historical emission 
inventory for selected PCB congeners — a mass balance approach 1. Global production 
and consumption”, 195, Copyright (2002), with permission from Elsevier).33 
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Figure 2.2: Worldwide contribution of PCBs from countries with known production.9,10,16–22,33 
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2.2 PCB chemistry 
PCBs can have anywhere from 1 to 10 chlorine atoms attached, resulting in 209 possible 
combinations, or congeners, based on the number of chlorine atoms and the orientation. 
All of these congeners vary in their degree of hydrophobicity and toxicity. PCB congeners 
are based on the “BZ number” 34, a number that is associated with the structural 
arrangement of PCB congener and the increasing number of chlorine atoms in the family 
sequence. It ranges from PCB-1 (2-Monochlorobiphenyl) to PCB-209 (1,1'-Biphenyl, 
2,2',3,3',4,4',5,5',6,6'-decachloro) as shown in figure 2.3. 
Figure 2.3: PCB-1 and PCB-209 structure based on the BZ number. 
There are three groups of PCBs congeners, non-ortho substituted coplanar PCBs (e.g. PCB 
169, PCB 126 and PCB 77), ortho-substituted non-coplanar PCBs (e.g. PCB 153 and PCB 
104 ) and mix planar PCBs (e.g. PCB 118) with one or two chlorines in the ortho 
position.35,36 Legacy PCBs were produced commercially such as PCB-77 and PCB-126. 
Nonlegacy PCBs are the unintentional byproducts of the paint manufacturing process (e.g. 
PCB-11), which are not found in commercial PCBs mixture.37,38 
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PCBs are tasteless and odorless chemicals that have various physical appearances from 
an oily liquid to solid. While their color ranges from colorless to light yellow. The danger 
of PCBs is they can coexist in sediments and in vapors or aerosols. PCBs have extraordinary 
stability under high pressure and high temperature. In addition, PCBs also have very good 
chemical resistance, this made them a perfect candidate for electrical parts, heat transfer 
fluids, dielectric fluids, plasticizers, flame-retardants, solvent extenders, and organic 
diluents.39–42 
2.3 PCBs in the environment and in the food chain 
PCBs waste is an enduring problem for humanity. Exposure to high levels of PCBs can 
cause major health issues. PCBs containing products such as capacitors, oil, and 
transformers were discarded at numerous waste sites. Over time these chemicals seep 
directly into the groundwater from the landfills. PCBs have moved to the fifth position 
among 275 hazardous substances.43 As of April 2019, 1337 locations were listed on EPA’s 
“National Priorities List (NPL)” for cleanup with 53 proposed sites.44 These sites are 
contaminated with different substances that pose a threat to human health. EPA has 
listed more than 500 sites contaminated with PCBs that are being considered for 
Superfund National Priorities list.43 PCBs can travel over a wide region through water and 
air many miles away from the dumping site. PCBs have been detected in old school 
buildings, construction material including caulking, oil-based paints, and old fluorescent 
lights.45–47 From the dumping sites, PCBs waste makes its way into the soil, water, and air. 
Animals, birds, marine life and plants absorb this waste. Humans intake PCBs either 
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directly from water, air or through other food containing PCBs. The possible known routes 
of PCBs distribution in the environment are shown in figure 2.4. 
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Figure 2.4: The food chain of PCBs 
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2.3.1 PCBs regulations and recommendations 
In 1976, Congress formed the Toxic Substances Control Act (TSCA) to control the use, 
distribution, and disposal of dangerous chemicals including PCBs. It provided EPA with 
authority for keeping records, reporting, testing requirements and restrictions related to 
chemical substances.14 Six chemicals including PCBs receive special attention under TSCA, 
PCBs violation can cause plenty of one year and/or up-to $25,000 per day.48 According to 
the Clean Water Act (CWA), Industrial disposal of PCBs is illegal, and any spill of PCBs is 
required to be reported to the EPA. The main goal is to keep PCBs level zero in drinking 
water, however, the maximum level is strictly monitored at 0.0005 ppm(0.0015 µM)49, 
FDA has a range of 0.2 to 3.0 ppm(0.6 µM to 9.12 µM) of PCBs in all foods, and for paper 
food-packaging its limit is 10 ppm(30.4 µM).50 Whereas, World Health Organization 
(WHO) allows PCB intake of 6 µg/kg(0.018 µM) per day.50 As a result, each agency has 
allowable exposure limits of PCBs for food, air, and water that are summarized in table 
2.1.  
 
Table 2.1: Standards, regulations, and recommendations for PCBs (adopted from ATSDR)56 
1FDA: Food and Drug Administration 
2WHO: World Health Organization 
3FAO: Food and Agriculture Organization 
4OSHA: Occupational Safety and Health Administration 
5NIOSH: National Institute for Occupational Safety and Health 
6EPA: Environmental Protection Agency 
aTWA: Time-Weighted Average: WA concentration for a regular workday and a 40-hour workweek to which almost all workers may be repetitively exposed. 
bPEL: Permissible Exposure Limit: the highest level of PCBs in the air to which a worker may be exposed, averaged over an 8-hour workday 
cMCL: Maximum Contaminant Level: enforceable level for public water system 
* It is based on the minimum reliable detachable concentration of PCBs and its carcinogenicity. NIOSH also recommends keeping the workplace exposure level to the
minimum
Molar concentrations of PCBs are calculated based on the average molecular weight of 329.0186 g/mol
Agency Area of Interest Range Comments Reference 
FDA1 Food: 
environment 
0.6 µM to 9.12 µM – (All foods) 
6µM – (Fish) 
30.4 µM – (Paper food-packaging materials) 
Enforceable; Acceptance level 51
WHO2 
FAO3 
Food: 
environment 
0.018 µM per day Allowable daily intake 52
OSHA4 Air: 
workplace 
1.0 mg/m3 for PCBs with 42% chlorine 
(average molecular formula of C12H7Cl3) 
0.5 mg/m3 for PCBs with 54% chlorine 
(average molecular formula of C12H5Cl5) 
Enforceable; TWAa, PELb 
Both standards include all physical forms of vapor, 
aerosols, sprays, fog, and PCB-loaded dust particles. 
53
NIOSH5 Air: 
workplace 
1.0 µg/m3 Advisory*; 
TWA (10-hour) 
54
EPA6 Drinking water: 
environment 
0.0015 µM Enforceable MCLc 55
15 
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2.3.2 PCBs in air and water 
PCBs are released into the air from water when water is warm and also when PCB 
concentration in water is high. However, PCB’s water solubility and vapor pressure are 
very low.21 This causes them to partition between water and air. PCBs adsorb into the 
particles in the water which causes the actual concentration of PCBs higher than the 
theoretical solubility.57,58 PCBs tend to stick with organic matters in the environment. 
Humic substances are amphiphilic in nature and are abundantly available in the soil. This 
allows PCBs to remain buried in the earth for a very long time. PCBs are present in water 
in three ways, one, freely dissolved in water at very low concentration, second attached 
to the amphiphilic molecule or third, adsorbed into the particles in the water.  
2.3.3 PCBs route to the human body 
Although there is no more production of PCBs. Most importantly, PCBs concentration in 
the environment and in the human body has already built up from over 70 years of 
exposure in the populace living in tainted areas.59 The main source of PCBs to the human 
body is through the food and it accounts for approximately 90% of total exposure, and 
most of it comes from animal origin and fish exposure.60 This section will break down 
these exposure routes in detail.  
2.3.3.1 PCBs in dairy, meat, and eggs 
There is a wide consumption of milk, meat, eggs, and their derived products. After 
European Union (151 million metric tons), the US is the second-biggest producer of cow 
milk with 96.34 million metric tons.61 The United States is the world’s largest beef and 
17 
 
buffalo producer, 11-12 million tons as of 2014. As shown in figure 2.4, beef, goat, pig and 
chicken fall in-between the food cycle. They either consume the plants that contain PCBs 
or drink contaminated water. Humans consume these animals either for meat or use their 
products in the form of milk, eggs or other dairy items. PCBs have been found in dairy, 
meat, eggs, vegan products and also in some bakery items 62,63, it is summarized in table 
2.2 and 2.3. All products have a very low concentration of PCBs and are safe to consume 
under FDA’s PCB limits. However, continuous consumption of PCBs in contaminated food 
items with an allowable limit can increase the accumulation of PCBs within the human 
body. PCBs excretion process from the human body depends on the number and position 
of chlorine atoms. PCBs can transform into persistent metabolites and store in specific 
tissues and/or body fluids and do not easily eliminate. PCBs can also combine with 
glutathione and glucuronic acid in the body and make water-soluble substances that 
excrete in urine and feces.64 
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Table 2.2: Meat and dairy products in the US and the presence of PCBs in it. 
 
 
 
 
 
 
Food Source US  PCBs(pg/g)62 Limit 
Milk (million lb.)65 202,455 
 
 1.5 mg/Kg66 
Dairy products65   1.5 mg/Kg66 
Butter 
(Million lb.) 
1,852.1 
 
 
0.455  
Cheese 
(Million lb.) 
12,477.9  
 
0.129  
 Frozen products  
(Million gal.) 
(Regular hard ice cream, total low-
fat ice cream, and hard sherbet.) 
1,244.1 
 
  
 Nonfat dry milk  
(Million lb.) 
 
1,825.8 
 
  
Meat (Million lb.)67   3 ppm68 
 Beef 
 
26,699 
 
0.125  
 Pork 
 
25,806 
 
0.158  
 Lamb and mutton 
 
147 
 
  
 Broilers 
 
41,488 
 
0.130  
 Turkeys 
 
5,983 
 
  
 Table eggs, mil. doz. 
 
7,658 
 
0.036 0.2 ppm68 
Vegan Food 62  0.008  
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Table 2.3: PCBs in different foods 63 (PCBs average molecular weight 329.0186 g/mol) 
Food 
 
Level in µM 
Mean 
Level in µM 
Min 
Level in µM 
Max 
Salmon, steaks/fillets, baked 0.07410 0.02735 0.16716 
Catfish, pan-cooked w/ oil 0.01292 0.05167 0.05167 
Butter, regular  0.00967 0.06079 0.36472 
Popcorn, popped in oil 0.00517 0.02735 0.09118 
Chicken breast, oven-roasted 0.00413 0.09118 0.03039 
Eggs, fried  0.00374 0.03039 0.11853 
Tuna, canned in oil 0.00304 0.12157 0.12157 
Brown gravy, homemade 0.00228 0.09118 0.09118 
BF, vegetables and chicken 0.00207 0.09118 0.09118 
Pancakes made with egg, milk, and oil 0.00152 0.06079 0.06079 
Beef (loin/sirloin) steak, 0.00152 0.06079 0.06079 
Pork chop 0.00137 0.06079 0.06079 
Meatloaf, beef 0.00137 0.06079 0.06079 
Crackers, butter-type 0.00076 0.03343 0.03343 
Veal cutlet 0.00076 0.03039 0.03039 
Pork roast 0.00070 0.03039 0.03039 
Lamb chop 0.00070 0.03039 0.03039 
Chicken, drumsticks and breasts 0.00070 0.02735 0.02735 
Corn/hominy grits 0.00070 0.03039 0.03039 
Cornbread 0.00070 0.03039 0.03039 
Biscuits, baked 0.00070 0.03039 0.03039 
Raisins 0.00070 0.03039 0.03039 
Chicken potpie 0.00027 0.01216 0.01216 
English muffin, plain, toasted 0.00070 0.03039 0.03039 
Beef roast 0.00070 0.03039 0.03039 
Candy, caramels 0.00046 0.01824 0.01824 
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2.3.3.2 PCBs in fish 
PCBs from water bodies can go to the marine plants, planktons or directly to the fish. 
Small fish prey on these plants and microorganisms. Bigger fish that eat small fish, 
accumulating more PCBs. PCBs level in a fish can reach a thousand times higher than the 
PCBs concentration in the water. A bottlenose dolphin was found with a PCB 
concentration of 6080 µM, which is 40 times higher than the waste disposal 
requirements.69 Inuit native (Canadian arctic people) diet includes fish and fats from seals; 
contains an alarming level of PCBs (48 µM) in their fats. It is far higher than the safe fish 
concentration set by the EPA (0.28 µM). 69 
Agencies including federal, state, local or tribal issues an advisory for the water body for 
the affected type of fishes and contaminants. According to the National Listing of Fish 
Advisories (NLFA), in 2011 states issued 223 new fish advisories making 4,821 total 
advisories 70 for various contaminants. For PCBs, between 2010 and 2011 the advisories 
increased from 1084 to 1102 (Table 2.4). It includes four states that have statewide 
advisory, and nine states have coast water advisory. In 2004, EPA and FDA issued advice 
for young children, women who are pregnant or might become pregnant and nursing 
mothers.70 
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Table 2.4: Number of water-bodies and size of waters under advisory, for 2010 and 
2011.70 
 
contaminant Number of 
Waterbodies Under 
Advisory 
Lake Acres River Miles 
2010 2011 2010 2011 2010 2011 
PCBs 1,084 1,102 6,071,877 6,080,041 131,224 131,657 
 
2.3.3.3 PCBs in mother’s milk 
In infant age, breast milk and formula milk are the main sources of food. FDA requires a 
limit of 0.6 µM(0.2 ppm) of PCBs for infant and junior foods.68 Breast milk is complete diet 
food for infants and provides all necessary nutrients for the baby, and delivers protection 
against a number of diseases.71 PCBs enter the body mainly through the environment, 
dietary intake, and in utero to unborn children.72–76 PCBs are stored in blood, tissues, fats 
and breast milk inside the human body. It is a common perception that the majority of 
the newborn who is exposed to PCBs is through the contaminated mother’s milk.77 The 
level of PCBs in European and North American women’s breast milk is higher than the 
women from non-industrialized countries.78 According to the study in 2001-2004, women 
of ages, 16-49 had a median level of 30 ng/g PCBs in blood serum. The 95th percentile 
concentration among these women was found to be 106 ng/g.70 
2.3.3.4 Volatile airborne PCBs  
Higher chlorinated PCBs are foodborne PCBs (PCB-153, PCB-138, etc.) that accumulate in 
animal fats and transport through food consumption. Whereas, lower chlorinated PCBs 
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(e.g., PCB-52, PCB-28, etc.) are more volatile and hence classified as airborne PCBs.79 The 
contaminated indoor air in some schools and industrial buildings has measured up to 
13000 ng/m3 of PCBs; some of them were PCB-28, PCB-52, PCB-118, PCB-105, and PCB-
77.80,81 For air at the workplace, OSHA recommends maximum limit of 1 mg/m3 for 42% 
chlorinated PCBs and 0.5 mg/m3 for 54% chlorinated PCBs.53 Whereas, NIOSH has a limit 
of 1 µg/m3.54 Presence of low chlorine causes low lipophilicity and high volatility, these 
PCBs could evaporate from water surface, soil, and building material along with water 
vapors and dust. PCBs were widely used in paints and caulking materials, these materials 
were used in hospitals, auditoriums, and schools. Moreover, anaerobic environment and 
photodegradation can convert highly chlorinated PCBs to low chlorinated PCBs 57,82, which 
can enter into the air. Airborne PCBs have very low concentration, but continuous inhaling 
of contaminated air can increase the level of PCBs in the body. PCBs from larger water 
bodies in the urban areas evaporate into the atmosphere 83–85, population around these 
water bodies are in continuous exposure of airborne PCBs.  
2.3.3.5 Miscellaneous routes  
Other than the above-mentioned routes, there are some other possible ways through 
which PCBs can enter the human body. People who are living close to the contaminated 
sites or working in cleaning and sampling in the contaminated area can be exposed to 
PCBs through the skin. Similarly, people who swim or sail in water bodies also absorb PCBs 
through the skin.  
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2.4 Effect of PCBs on human health 
Studies show that PCBs can cause neurotoxicity in both adults and children. Even the PCBs 
exposure in the uterus and through lactation can lead to the lower IQ level, decrease in 
neuromuscular functions, weakened memory and learning, slow development of reading 
and other behavioral deficiencies.86–88 Immunotoxicity might be one of the highly 
sensitive indications of PCBs contamination.89 Structurally, PCBs match the thyroid 
hormone’s structure.90 PCBs affect the growth in humans and animals; it hinders the 
functions of the thyroid hormone and can reduce its circulation level, which can affect 
brain development.91,92 PCBs are also endocrine-disrupting chemical, it can show 
estrogenic behavior by binding to the estrogen receptor and affect the reproductive 
system.93 PCBs are also responsible for hypertension, obesity, and diabetes, all of these 
conditions lead to cardiovascular diseases.94 The latest research shows that PCBs also 
decrease sperm quality in human and domestic dogs.95 The toxic effects of PCB congeners 
depend on the number and position of chlorine atoms. Higher chlorinated PCBs has high 
lipophilicity, chemical stability, and low hydroxylation, it makes them persist longer in 
body, and they can have half-lives of 10-15 years.96 Whereas, low chlorinated PCBs easily 
metabolite in the body with half-lives of within days. Low chlorinated PCBs and their 
metabolites have demonstrated of causing mutagenicity, carcinogenicity, and 
interference with hormone homeostasis.97–100 Both planar and nonplanar PCBs are toxic 
as they cause the loss of cell viability.101 PCBs with biphenyl rings in a single plane are also 
called dioxin-like PCB congeners. Whereas, noncoplanar PCBs are called non-dioxin like 
PCB congeners. Dioxin-like PCBs exhibits dioxin toxicity.102  
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For example, there have been two mass poisoning incidents in Yusho (Japan) in 1968 and 
Yu-Cheng (Taiwan) in 1979 due to contaminated cooking oil.15 It left 1800 patients in 
Japan with 300 dead.103 While in Taiwan, 1991 people were directly exposed including 70 
children in utero.104 It caused symptoms of hypersecretion, acne, pigmentation of skin 
and nails and also meibomian glands, eye discharge, a decrease of sperm mobility, 
headache and numbness and a decrease of IQ score in children.105,106 PCBs were used in 
cooking oil plants as heat transfer medium during the last manufacturing process and 
leakage caused the cooking oil contamination with PCBs. The research focused on the 
long term health effects of the victims from the two incidents demonstrated adverse 
health effects even after several years of exposure.97,107 In the year 1968, 400,000 birds 
in Japan died after eating food contaminated with PCBs.108 Since the liver is the main 
detoxifying organ in the human body, it is more affected by the contaminants. PCBs 
causes the liver damage.109–111 Studies show that PCBs also targeted the immune system 
of victims from Japan and Taiwan. They have adverse health effects, including immune 
system suppression, cancer induction, nervous systems effect, as well as increased 
inflammatory and cardiovascular diseases.36,94,112 
2.5 Water quality and need for PCBs sensing 
According to the Clean Water Act (CWA), Industrial disposal of PCBs is illegal, and any spill 
of PCBs is required to be reported to the EPA. The main goal is to keep PCBs level zero in 
drinking water, however, the maximum level is strictly monitored at 0.0015 µM(0.0005 
ppm). According to EPA data from figure 2.5, PCBs fall in 5th place among the water quality 
impairment in the US. PCBs have more than 6000 impairments out of total 71,795 
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impairments that are around 8% on the CWA section 303(d) list. There is a need for 
successful detection of PCBs presence in water and other sources to keep this 
carcinogenic pollutant away from the human intake.  
 
 
 
 
 
 
 
 
Figure 2.5: Top 10 impairments(adopted from EPA, 2017) 113  
 
2.6 PCBs detection techniques 
With the increasingly harmful effects of PCBs on human and biological life, a lot of efforts 
have been put into developing techniques that can detect chlorinated and hydroxylated 
PCBs. There are two main sensing systems, direct sensing of PCBs from the solution and 
indirect sensing system. In an indirect sensing system, PCB is detected using a second 
analyte; this analyte is biological or non-biological, it interacts with PCB and the changes 
in the properties of the analyte give the indirect measurement of PCBs presence. These 
sensors are further divided into subcategories that are shown in figure 2.6.  
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Figure 2.6: Classification of Sensor Technologies for PCB detection and quantification. 
 
2.6.1 Direct sensing of PCBs 
2.6.1.1 Gas Chromatography (GC)  
GC is a chromatography technique that can vaporize the liquid samples, these vapors are 
then carried by the mobile phase (inert gas) to the GC column. Depending on the 
chemistry of the sample, they travel at numerous speeds in the column and separated. 
Each compound leaves the column one after another and enters the detector. GC is 
equipped with types of detectors based on the application as shown in figure 2.7. For 
example, a gas chromatography-electron capture detector (GC-ECD) uses the electron 
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capturing technique for the detection of molecules. The electron emitter emits electron 
that causes the ionization of the analyte molecules and it changes the current between 
collector anode and cathode. The analyte concentration is proportional to the degree of 
electron capture. GC-ECD is widely used for the sensing of halogenated compounds in the 
environment. Another type is gas chromatography-mass spectroscopy (GC-MS) that 
ionizes the chemical species and then separate ions based on the mass-to-charge ratio. It 
is the most common instrument for the detection of PCBs.114 
Figure 2.7: Gas chromatogram instrument equipped with the detector and readout. 
Since PCB is highly hydrophobic, it attaches to other organic matters (e.g. humic acid) in 
water or fats in animals or in the human body. PCB must be separated and extracted in 
hexane and the sample is then fed to the instrument. GC-MS development history goes 
back to 1950s.115–117 Today, it is widely used in the detection of compounds. The gas 
chromatogram is mentioned in literature as early as the 1970s for the detection of 
PCBs.118–120 EPA has issued the proper methods of using gas chromatography (METHOD 
8082A) for the detection of PCBs. EPA used gas chromatography technique to detect 26 
types of Aroclor and PCB congeners using a single or dual column. However, GC is a highly 
28 
expensive, time-consuming technique. The reliability and the reproducibility in GC results 
depend on the highly skilled level of the person operating it.  
2.6.2 Indirect sensing of PCBs 
Due to the limitations of the GC instrument, indirect sensing techniques are achieving 
more and more popularity, because of sample preparation ease and relatively low cost. 
In the indirect sensing technique, a second organic molecule, inorganic metal or biological 
spices is used. This allows the GC to register the change in response based on the PCBs 
presence in the sample. GC can also be used as part of the indirect sensing techniques. 
Indirect sensing includes antibodies, aptamers, biomimetic sensors and surface 
photovoltage, etc.  
2.6.2.1 Fluorescence-based detection 
Fluorescence is a technique where a molecule is illuminated at a wavelength; it almost 
immediately reradiates the light that is detected. The wavelengths of incident emitted 
light are the characteristics of each fluorescent molecule. Some molecules excited 
directly, and the emitted wavelength is recorded which corresponds to the concentration 
of the molecule in the solvent. Some molecules combined in a pair with other molecules 
for their indirect detection. There are various fluorescence-based techniques listed in the 
literature to sense molecules e.g. intensity-based sensing, lifetime-based fluorescence 
response, Förster resonance energy transfer, wavelength shift, wavelength ratiometric 
response, and anisotropy-based sensing and polarization assays.121 PCBs and other 
pollutants cannot be excited directly; however, they are detectable with the help of a 
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suitable fluorescent molecule. These pairs can cause one or more combinations of 
changes in fluorescence energy, spectra shift or change in spectral shape.  
Figure 2.8: Detection using fluorescence spectroscopy. 
The operation of the fluorescence instrument is shown above in figure 2.8. The lamp 
excites the sample at a wavelength, it causes the radiation from the sample and this light 
is detected by the sensor that gives the indirect measurement of PCBs in the solution. In 
our published work 122 and in this thesis we have demonstrated successful detection of 
PCBs using the fluorescence technique.  
2.6.2.2 Biosensors 
Biosensors are the detectors consist of biological element coupled with the transducer, 
that makes it a physicochemical detector.123–125 The biological part can consist of an 
enzyme, antibody, lipid, receptor, nucleic acid, antigen, organelle, tissue structures or 
biomimetic component. These biological elements are specific for an analyte with high 
selectivity; it works like lock and key. When an analyte binds or interacts with the 
biological component, it changes its properties (density, thickness, elasticity, etc.). These 
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changes are sensed by the transducer, which in result produces an output signal(optical, 
electroluminescent, electrochemical, electrical, thermal, acoustical or piezoelectric, etc.) 
proportional to the analyte concentration. A typical biosensor is shown in figure 2.9. The 
solution can contain a mixture of unalike analyte molecules. However; bio-receptor have 
an affinity for a specific analyte. Once the analyte interacts with the receptor, the signal 
is triggered, and the transducer converts this signal to the readable form. Several types 
of biosensors have been developed so far for the detection of PCB and its family. These 
biosensors are categorized based on the biological components used in them.  
Figure 2.9: In a biosensor, a “receptor” interacts with the analyte, where a transducer 
converts the signal to an electronic form that is readily measured. 
2.6.2.2.1 Whole-cell biosensor 
Whole-cell biosensor (WCB) uses microorganisms consisting of bacteria, yeast or other 
single-cell systems. A typical whole-cell sensor is displayed in figure 2.10. WCB has 
advantages over other sensors, especially analytical sensors, which detect the total 
concentration of the analyte regardless of the actual bioavailability. Whereas, living cells 
reflect the actual bioavailability of the pollutant.126 This bioavailability is more important 
for human and animal life. The performance of the WCB is the characteristics of the 
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selection of reporter genes as well as the sensitivity and selectivity of molecular detection 
(e.g. PCB) that results from the binding of the analyte to the regulatory protein.127 Cells 
are generally experimentally modified and incorporated with both bioreceptor and 
transducer, to boost the sensitivity.128  
Figure 2.10: (a)- Switched on whole-cell biosensor. (b)- Switched off whole-cell biosensor. 
For WCB, bioassays are divided into two types switched off and switched on assays.129 In 
switched off assay based whole-cell biosensors, degree of inhibition is recorded in the 
cellular normal activity that corresponds to the toxicity of the analyte, this activity can 
take place at any stage along the reaction pathway as shown in figure 2.10(b). Whereas, 
in switch on assays, the target chemical promotes the fusion of regulatory protein to the 
promoter that further triggers the reporter gene for the quantification 129, figure 2.10(a). 
Gavlasova et al., used the WCB for the sensing of PCBs. The author used the optical 
(a) 
(b)
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properties for the detection of pollutants. In their work, encapsulated cells of 
Pseudomonas sp. strain P2 were used, as it can degrade PCBs.130–133 These cells were 
recovered from the PCB-contaminated site in the Czech Republic. Cells were trapped in 
the silica and produced yellow meta ring fission metabolite for the indirect detection of 
PCBs. This WCB successfully detected 0.5 mg/l (Delor 103) and 0.2 mg/l (2.2’, 4, 4’ CB) 
with 4 times reusability and 2 weeks storage capacity.  
In another work, Turner et al., exploited the bioluminescent properties for the detection 
of hydroxylated polychlorinated biphenyls (OH-PCBs) using WCB. In their work, they used 
Pseudomonas azelaica strain HBP1. It contains hbpCAD genes that are responsible for the 
degradation of OH-PCB.134,135 The authors used plasmid (pHYBP109) containing a fusion 
of “regulatory gene hbpR- Promoter hbpCAD gene- luxAB reporter gene” and it was 
converted to Escherichia coli. OH-PCB interacts with the regulatory gene hbpR that 
triggers the transcription through hbp promoter, and it results in expression from luxAB 
reporter gene. The addition of decanal causes the luciferase and this bioluminescence is 
directly proportional to the OH-PCB.  
Xu et al., used the hybrid analytical technique for the detection of PCBs. Their proposed 
WCB was able to detect biphenyls successfully. PCBs were first converted to biphenyl 
using Mg/K2PdCl6 catalyst. They used bph operon to obtain BphR1 regulatory protein. 
Cells formed 2-hydroxy-6-oxo-6-phenylhexa-2,4-dienoic acid [HOPD] when exposed to 
the biphenyls and form a complex of HOPD-BphR1. Which activated the pE promoter that 
caused the production of reporter protein of β-galactosidase from lacZ gene136 
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proportional to the biphenyl concentration. β-galactosidase was detected using the 
chemiluminescent technique.  
2.6.2.2.2 Immunosensor  
Immunosensors are the biological binding sensors that are based on the immunoassay 
technique. Whereas, the immunoassay is the interaction between antibody and antigen. 
These sensors are used for the quantification of the analyte based on the reaction 
between the analyte(antigen) and antibody.137 Immunoassay is a competitive or non-
competitive binding test that is widely used in the detection of diseases, drug monitoring, 
detection of pollutants and other molecules. In case of competitive binding, an analyte 
that is unlabeled competes against the labeled antigen and decreases the detectable 
signal.  
Figure 2.11: Each antibody has an affinity towards the specific antigen. 
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Whereas, noncompetitive binding uses labeled analyte that generates the signal 
proportional to the antigen concentration in the system. The resultant signal increases 
with increasing the concentration of the analyte. Typically, antibody uses for the 
immunoassay is shown above in figure 2.11. The antibody is also termed as an 
immunoglobulin (Ig), these are Y-shaped proteins that are produced by plasma cells and 
are classified by isotype. These proteins differ in their structure, which dictates their 
functions and specific antigen binding. These proteins are used by the immune system 
and are categorized into five types of antibodies; IgA, IgE, IgG, IgM, and IgD.138 These 
classifications are based on the difference in amino acid sequence in the base area.139  
Immunosensor is the type of biosensor that consists of mainly two parts, one sensing 
element known as immunoassay and second, the transducer, that converts the binding 
event to the readable signals 140, as shown below in the figure 2.12. 
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Figure 2.12: Immunosensor consists of two parts, immunoassay, and transducer. Both 
immunoassay and transducer have different types. Only three types of transducer are 
mentioned here. 
 
Radioimmunoassay (RIA): These are the earliest assays developed. It uses a radioisotope 
linked to the antigen that binds to the related antibody. The antigen to be measured is 
added that competes with the radiolabeled antigen and occupy its binding site. The 
unbound radiolabeled antigen is washed away, and radioactivity of the antigen-antibody 
complex is measured. The signal is inversely proportional to the antigen concentration. 
This technique is outdated because of the potential dangers associated with radioactive 
labeling.  
Fluoroimmunoassay (FIA): In this assay, antigen or antibody is labeled with a fluorescent 
molecule. After incubation, the antigen-antibody complex is separated, and the signal is 
measured with the help of fluorescence spectroscopy.  
Immunoassay Transducer 
Sample 
Read out 
 
Radioimmunoassay 
(RIA) 
 Fluoroimmunoassay 
(FIA) 
 Enzyme linked immunosorbent 
assay (ELISA) 
 Chemiluminescence assay 
(CLA) 
 Counting immunoassay 
(CIA) 
 Label free immunoassay 
 
Optical transducer 
Electrochemical transducer 
Piezoelectric transducer 
Immunosensor 
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Enzyme-linked immunosorbent assay (ELISA): In this assay, the antibody is linked to the 
enzyme. This complex is incubated with antigen immobilized to a solid surface. The 
antibody-enzyme attached to the antigen and unbound is washed away. The enzyme-
substrate is introduced that changes the color of the assay.  
Chemiluminescence assay (CLA): This is the variation of ELISA. In CLA enzyme changes the 
substrate to the chemical product that emits photon instead of the visible light. 
Counting immunoassay (CIA): It uses antibody coupled polystyrene beads. Antigen 
causes the agglomeration of these particles. Free particles are counted using an optical 
particle counter.  
Label-free immunoassay: This immunoassay does not need labeling of antibody or 
antigen. However, needs special methods of detection that include surface Plasmon 
resonance, measuring the change in the resistance of the electrode or change in optical 
properties.  
Optical transducer: It converts the optical signals (frequency, phase, and amplitude) of 
the antigen-antibody complex to the readable electrical output.  
Electrochemical transducer: It converts the chemical changes of the antigen-antibody 
complex to the readable electrical output.  
Piezoelectric transducer: This transducer converts the change in mass of antigen-
antibody complex to electrical signals using quartz crystal.  
2.6.2.2.2.1 Piezoelectric immunosensor 
Piezoelectric immunosensor is one of the simple very sensitive sensors with high 
selectivity. It can detect the antigen in gas and in the liquid phase at the picogram level. 
A typical piezoelectric immunosensor is shown in figure 2.13. Antigen or antibody can be 
immobilized on the surface. The crystal oscillates under the voltage. When the antigen-
antibody complex is formed, it changes the mass of the surface. This change in mass 
changes the oscillating frequency of the crystal which is a signal for the attached 
analyte.141,142 Přibyl et al., measured the PCBs in the pure organic solvent and also in 
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phosphate buffer with 5% DMSO using the piezoelectric quartz crystal. In their work, they 
used anti-PCB polyclonal antibody immobilized on gold electrodes in an orientation way 
using protein A.143 
 
 
Figure 2.13: Typical piezoelectric immunosensor for the detection of antigen. The specific 
antigen is attached to the antibody; it changes the oscillating frequency of the crystal. 
 
2.6.2.2.2.2 Optical immunosensor 
Optical immunosensor is one of the most popular methods in biosensors, it is mainly 
because of using visible light with the nondestructive operation, it also has an advantage 
of rapid signal generation and reading.144 In this sensor, antigen or antibody is 
immobilized on the surface of the transducer. The interaction of analyte changes the 
optical properties, such as emission, absorption, reflectance, refractive index or 
scattering. Change in the signal is detected with the help of photodiodes or 
photomultiplier. The optical sensor is shown in figure 2.14, the incident light interacts 
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with the antibody-antigen complex assembly and measure the change in the signal that 
is related to the analyte concentration.  
 
 
Figure 2.14: The analyte can be detected using fluorescence-based competitive assay or 
using a label-free method by sensing the change in other optical properties e.g. refractive 
index, scattering or absorption.     
 
 
These sensors can use the antibody-antigen complex’s optical properties as a non-
competitive assay and detect the change in absorbance, scattering or refractive index of 
the radiations. On the other hand, the sensor can be based on the competitive assay, in 
which the system is saturated with a fluorescently tagged molecule that will be replaced 
by the analyte of interest and a decrease in the radiation intensity. Zhao et al., applied 
fluorescence-based competitive assay to detect PCBs using fiber optic immunosensor.145 
In their work, they coated fiber optic with the polyclonal anti-PCB antibody. This antibody 
was saturated with fluorescein (FL) conjugate of 2, 4, 5- trichlorophenoxybutyrate (TCPB). 
The antibody-coated fiber was mounted in the flow cell. When PCBs saturated solution 
was passed, PCBs replaced the FL-TCPB bound to the antibodies and consequently 
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decreases the resultant fluorescence signal. Zhao et al. successfully detected four 
different Aroclors(1015, 1232, 1250 and 1262).  
2.6.2.2.2.3 Electrochemical immunosensor  
In the case of electrochemical sensors, the binding event of the antibody and antigen 
creates an electrical signal as shown in figure 2.15. This reaction takes place at the 
interface of the electrical conductor, which is a metal or semiconductor. There are many 
types of electrochemical sensors such as amperometric sensors (electric current as a 
signal), electrochemical impedance sensors (voltage difference as a signal), 
electrochemical luminescence sensors (emission as a signal) and photoelectrochemical 
sensors (reaction initiates with light and current is produced).146 Electrochemical sensors 
have low sensitivity, high reliability, and low power consumption.147 It is very important 
to get an amplified signal with minimum noise.147,148 These sensors are generally 
equipped with highly affinity-based antibodies and the selection of suitable labeling 
amplifies the signal. 
 
 
 
 
 
 
Figure 2.15: The binding event of antigen and antibody causes a chemical reaction that 
produces a signal. 
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Most common labels mentioned in literature are carbon nanotubes, bioactive enzymes, 
magnetic beads, nanoparticles, bi-enzyme system, metal ions, and quantum dot.140,149–157 
Enzyme-linked immunosorbent assay (ELISA) has attained a lot of attraction for 
quantification purposes of hydrocarbons and PCB like chemicals.158–160 The redox enzyme 
produces redox species that is converted to the output signal.161 
Centi et al., used the IgG PCB28 antibody for the sensing of PCBs (Aroclor 1242, 1248, 
1254 and 1016) using disposable magnetic beads coated. Where carbon-based screen-
printed electrodes were used as a transducer, enzyme PCB28-AP (4, 4 -dichlorobiphenyl–
alkaline phosphatase conjugate) as the tracer and α–Naphthyl phosphate as enzyme-
substrate deposited on the screen-printed strip.162 They measured the electrochemical 
reaction using differential pulse voltammetry (current against applied potential). Del 
Carlo et al., also used ELISA based enzyme-linked immunofiltration assay (ELIFATM). They 
used the nylon membrane to immobilize bovine serum albumin conjugate of PCB. After 
the competition with Aroclor 1260, 1248 and 1016 (10 ng/ml to 10 µg/ml) in the presence 
of antibodies, the PCB antigen that reacted with the immobilized PCB was estimated using 
alkaline phosphate-based antibody. In this work, naphthyl phosphate was used as a 
substrate for the detection using screen-printed electrodes with differential pulse 
voltammetry.163 Endo et al., used a micro-flow immunosensor chip for PCBs sensing. They 
exploited the fluorescence properties of the fluorogenic substrate to indirectly measure 
the coplanar PCBs. Coplanar PCB antibodies (IgG) were first immobilized on the 
polystyrene beads and exposed to the mixture of coplanar PCB derivatives (6-[(3, 3’, 4’ -
trichlorobiphenyl-4-yl) hexanoic acid, 4-methoxy-3, 3’, 4’-trichlorobiphenyl]) and their 
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horseradish peroxidase (HRP) conjugate. The introduction of AmplexTM Red dye reacted 
with the HRP conjugated coplanar PCB derivative and produced fluorescence signal.164 
Bender et al., used the direct electrochemical immunosensor technique. They used 
pyrrole and polyclonal anti-PCB to synthesize conductive antibody membrane and 
measured the current as an output signal.165 
Another type is the photoelectrochemical (PEC) sensors, a simple demonstration is shown 
in figure 2.16. In PEC instrument light radiation causes a charge transferring reaction 
between photoactive material, analyte, and electrode.166 The absorbed photon causes 
the charge transfer and charge separation that leads to the conversion of the photon to 
electricity.167 PEC is equipped with aptamers or antibody to increase the selectivity.168–170 
However, PEC oxidation process can affect the bioactivity of biorecognition molecules.171 
Molecular imprinting technique is the most common technique to overcome this 
problem. 
Shi et al., fabricated a photoelectrochemical sensor for the detection of PCB-101. They 
used molecular imprinting (MI) technique for high selectivity of PCB-101 in titanium 
dioxide(TiO2) nanorods. TiO2 also gives selective PEC oxidation. MI is used to build PCBs 
shaped cavities in the matrices for the “lock and key” model. They used fluorine-doped 
tin oxide (FTO) as a substrate and titanium dioxide as photocatalyst imprinted with PCB-
101 pockets.171 The sensor was first incubated in PCB solution and then a LED lamp of 365 
nm was used to irradiate the sensor.  
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Figure 2.16: Photochemical sensors can have biological binding sites (enzyme or 
aptamers), or semiconductor material are used with molecular imprinting technique for 
high sensitivity, selectivity, and stability. CB: conductive band, VB: valence band. 
2.6.2.2.2.4 Surface-Enhanced Raman spectroscopy 
Raman scattering uses monochromatic light from the laser and molecules cause inelastic 
scattering of the light. Photons are absorbed and reemitted by the sample that changes 
their frequency. This shift can provide information about the rotational, vibrational and 
other low-frequency transition in the molecule. Raman spectroscopy is used in liquid, 
gaseous or solid samples. Raman spectroscopy has limitations of being very weak. 
Moreover, fluorescence interruption from impurities and laser can destroy the sample. 
The weakness of Raman spectroscopy can overcome by using surface-enhanced Raman 
spectroscopy (SERS). It uses the metal surface with nanoscale roughness for molecule 
absorbance that enhances the signals as shown in figure 2.17.  
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Figure 2.17: Molecules are adsorbed on the rough metal surface for enhanced 
spectroscopy. 
The enhancement factor SERS are from 1010 to 1011.172,173 Which enables it to detect the 
presence of a single molecule.174–177 Zhou et al. used the silver nanorods as a substrate 
for SERS. First, the rod was incubated in PCB solution in acetone for 30 min then 
spectroscopy was performed for PCBs detection.178 Steenland et al., utilized thiol 
(decanethiol) based partition layers on silver film over nanosphere substrate. The layer 
was incubated in PCBs (PCB-47 and PCB-77) solution for 4 hours and then spectroscopy 
was performed.86 Fu et al., used aptamers modified SERS microfluidic sensor for PCB 77 
detection. They covalently attached mercapto aptamers to the Ag nanocrown array using 
thiol linker. These aptamers have high selectivity for PCB 77 that increased the selective 
detection of PCB 77 by SERS.179  
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2.6.3 Sensors limitations 
Although biological and non-biological sensors provide exciting opportunities for the 
detection of PCBs. However, these sensors have some limitations, for example for 
biosensors, enzyme extraction, isolation and purification cost are high. The enzyme might 
lose the activity after immobilization on the transducer. Furthermore, sensors consisting 
of a single cell have longer response time and substrate needs to be transported into the 
cytoplasm. Whole-Cells biosensors need to be reenergized after use to overcome the 
longer recovery. In case of antigen/antibody, the binding reaction is usually very stable 
and stronger conditions are needed to reverse the reaction to reuse the biosensor. For 
magnetic biosensors, nonspecific interaction can take place between magnetic 
nanoparticles that can lead to false-positive or artifacts in the measurements.25,26 
Whereas, gas chromatography(GC) is a complex and very expensive technique.180,181 GC 
needs tedious time-consuming sample preparation and extraction steps that increase the 
chances of error in the analytical method, it can also affect the analysis through 
decomposition or loss of analyte.182 In extraction steps GC uses organic solvents such as 
hexane and chloroform in relatively higher volumes that are not nature-friendly.183  
In our current work, we used the fluorescent spectroscopy technique, which is a relatively 
low-cost method. Fluorescent technique can detect the interaction between two 
molecules based on their fluorescence properties in the form of energy transfer or 
quenching. Combinations of different fluorophore pairs are screened for the 
displacement assay to detect PCBs in water. Furthermore, PCBs also show the presence 
of hydrophobic interaction with another dye in water. The presence of hydrophobic dye 
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and PCBs form a complex, which possesses new fluorescent properties. This interaction 
is also sensitive to different water properties. Additionally, the hydrophobic interaction 
of PCBs and fluorophore is also studied using hydrophilic polymer microparticles 
functionalized with the dye.  
2.7 Conclusions 
PCBs are very toxic carcinogenic chemicals and their toxicities are known worldwide. 
There are fast-growing sensing techniques summarized in figure 2.6 as an alternative to 
the gas chromatography. These sensing systems vary from direct sensing of PCBs in pure 
organic solvents to the indirect sensing systems using various kinds of biological or 
biomimetic systems with different transducer systems. The sensitivity of these sensors is 
very important. Fluorescence or optical-based sensors with biomimetic nature can soon 
attain a lot of attention because of their sensitivity, selectivity, life span and easy to use. 
This chapter summarized the PCB’s toxicity and the sensing methods used in literature so 
far. These sensors have exciting wide range of applications to detect analytes in the 
environment. However, PCBs have 209 distinctive congeners and most of the methods 
used in literature are limited for specific PCBs. There is still a need to develop a system 
that is not specific to only one type of PCB, relatively low cost and fast to use. In the 
upcoming chapters, we have evaluated unique new methods for PCBs sensing in water.  
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CHAPTER 3: SYNTHESIS, DESIGN, AND EVALUATION OF POLY(CURCUMIN) MPS FOR 
THE FLUORESCENT DETECTION OF PCBS USING A DISPLACEMENT ASSAY 
3.1 Introduction 
PCBs are comprised of two benzene rings connected with a single carbon-carbon bond 
and can contain anywhere from 1 to 10 chlorine atoms. There are many techniques that 
can detect PCBs as mentioned in chapter 2. However, all these techniques have 
limitations that reduce their portability and ease of use. In this work, we have evaluated 
a new technique of sensing PCBs in water using fluorescence spectroscopy. This technique 
is relatively low cost, highly sensitive and fast that can be miniaturized for the field 
applications. Fluorescence spectroscopy uses light to excite a molecule at a particular 
wavelength, which absorbs the light, resulting in the excitation of the molecule to a higher 
energy state. The excited molecule releases the absorbed energy in the form of radiative 
or non-radiative emission. In non-radiative relaxation, energy is transferred as vibrations 
or heat to the solvent without any photon emission and in case of radiative relaxation, 
energy is released in the form of the photon as shown in figure 3.1. Since energy loss takes 
place during vibrational relaxation, the emitted photon has lower energy as compared to 
the excitation photon that results in a red-shift of the emission spectra.184 PCBs have very 
weak UV absorbance at 257 nm. The shape of the fluorescence spectra for various PCBs 
is almost identical, which makes them hard to distinguish. However, other fluorescence 
techniques that include indirect sensing approaches can be utilized to detect the presence 
of the molecule that is otherwise not able to be directly detected. For example, 
researchers have successfully used Förster resonance energy transfer(FRET) or 
47 
 
quenching, the formation of new excimers, shifting of fluorophore wavelength and 
ratiometric measurement of wavelengths, as a way of identifying the presence of non-
fluorescence or low fluorescence molecules.185  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1: Jablonski diagram illustrating the radiative and nonradioactive decay. The 
absorption of a photon moves an electron to a higher energy state. Some of the energy is 
lost in the form of vibrational relaxation. The electron moves to the ground state after 
emitting a photon of a different wavelength.  
 
Fluorescent displacement methods (using FRET/quenching) are also mentioned in 
literature as an alternative way to detect analytes in solution. This technique can also be 
developed for PCBs sensing. Kattke et al. designed the FRET-based immunoassay for the 
detection of aspergillus amstelodami using the quantum dot (QD) and black hole 
quencher (BHQ) with the antibody, in which BHQ is displaced by the A. amstelodami due 
to its higher affinity.186  
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In this chapter, special emphasis is given to the plant-derived polyphenols (e.g. quercetin, 
curcumin, flavonoids, etc.) for the detection of PCBs. Polyphenols have good fluorescence 
properties and some of them are used in dyes.187 The presence of an aromatic ring 
indicates the structural properties of polyphenols are exploitable for the molecular 
imprinting and π-π stacking. Curcumin, which is a natural yellow-orange dye has been 
used as a fluorescent sensor for ions.188,189 Curcumin can interact with other molecules to 
make a quenching pair. The curcumin-based system in our research group has 
demonstrated the successful binding of PCBs in the water. To enhance the efficiency of 
displacement pair a stable backbone system is proposed comprising of the polymeric 
network.  
Polymers have a wide range of applications for environmental remediations such as 
removal of lead, zinc and mercury ions.190,191 Melvin et al. studied the sorption of PCBs to 
three food packaging films including polyethylene, polyvinyl chloride (PVC), and 
polystyrene.192 Polyethylene showed higher uptake of PCBs as compare to the other two 
polymers, which indicated the particles fabricated with polyethylene have enhanced 
affinity for PCBs. Molecular imprinting is the new technology where template-shaped 
cavities are created in polymer matrices to form a stable polymer with selectively high 
molecular recognition properties.193 Meng et al. fabricated the molecular imprinted 
polymer for the sorption of estrogenic pollutants from the water using alpha-estradiol as 
a template.194 Schematic of molecular imprinting is shown in figure 3.2 (a). More recently, 
growing attention has been bestowed to polymers equipped with biomimetic pockets due 
to their high affinity and selectivity.195,196 Researchers have successfully mimicked the 
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interactions present in the biological system to develop synthetic materials with 
remarkable new properties for the detection and capturing in various fields of 
engineering, medicines, nanotechnology, biotechnology, and many others.197–200 
Biological elements (e.g. proteins, peptides, ssDNA, etc.) were incorporated into the 
synthetic architectures to design biohybrid materials. Researchers have developed 
porphyrin-containing compounds, which possess enhanced binding properties for the 
detection of environmental contaminants such as pentachlorophenol and paraoxon.201,202  
PCBs have been extensively studied to understand its interaction and binding with the 
biological taxonomy.203–205 For example, antibody S2B1 possesses high selectivity and 
binding affinity for non-ortho, coplanar chlorinated PCB congeners. Pellequer et al. 
performed the computational analysis to study the PCB binding pockets of antibody 
S2B1203 as shown in figure 3.2(b,c). PCB-specific antibodies form sterically constrained 
pockets with highly aromatic residues of tyrosine and tryptophan.203,206,207 This permits 
the π-π stacking interactions between PCB and antibody. Similar binding associations are 
seen in environmental interactions between PCBs and humin matter in soil and 
sediments. 208–210 These biomimetic binding pockets can be synthesized into the polymer 
system using aromatics moieties for adsorption and dislodgment of fluorescent molecules 
with PCBs. The simple concept of this combination is shown in figure 3.2(d).  
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Figure 3.2: (a)- Schematic representation of noncovalent and covalent molecular 
imprinting procedure to create molecular recognition pockets in the polymer network.197 
(Reprinted with permission from Haupt, K. & Mosbach, K. “Molecularly imprinted 
polymers and their use in biomimetic sensors”. Chem. Rev. 100, 2495–2504 (2000). 
Copyright (2000) American Chemical Society). (b)- Molecular surface representation of 
the S2B1 model, rendered using GRASP. The antibody has pockets for PCB77, (Molecular 
surface view of deep pocket). (c)- View with surface cut away to show binding of the rings 
in deep and shallow pockets.203(Reprinted with permission from Pellequer, J. et al. 
“Structural basis for preferential binding of non‐ortho‐substituted polychlorinated 
biphenyls by the monoclonal antibody S2B1”. J. Mol. Recognit. An Interdiscip. J. 18, 282–
294 (2005). Copyright (2005) John Wiley and Sons). (d)- Fluorescent molecule being 
quenched when it encounters the quencher and restores its fluorescence upon 
displacement with PCB molecule.  
 
(d) 
(a) 
(c)
) 
(b)
) 
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Where a fluorescent molecule will be quenched with the help of a quencher and it will be 
replaced by PCBs and after the replacement, the fluorescent molecule will restore its 
fluorescence properties. In this chapter, we hypothesized that PCBs can be indirectly 
detected by using the displacement assay in the combination of the polymer system. One 
of the molecules is trapped with the polymer structure and other molecules will be free 
for displacement. The trapped molecule will provide a binding cavity for the dye. The 
whole concept of this work is summarized in figure 3.3.  
 
 
 
 
 
Figure 3.3: Displacement assay for the detection of PCBs. Polyphenolic molecules provide the biomimetic pockets and 
quenching interaction for the dye. Whereas, PCB replaces the dye and restores its signal back into the solvent away 
from curcumin
-Fluorescence molecule -Polyphenolic molecule -PCBs
-Polymer MP containing polyphenolic molecules
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3.2 Experimental section 
3.2.1 Material 
Curcumin was purchased from Chem-impex International, Inc, (Wood Dale, IL). Acryloyl 
chloride, triethylamine (TEA), magnesium sulfate (MgSO4), ammonium persulfate (APS), 
N,N,N′,N′-tetramethylethylenediamine (TEMED), chlorogenic acid, potassium carbonate 
(K2CO3) were bought from Sigma-Aldrich (St. Louis, MO). Hydrogen chloride (HCl) and 
calcein red-orange were purchased from Fisher Scientific (Hampton, NH). Dimethyl 
sulfoxide (DMSO), ethanol (EtOH), dichloromethane (DCM), isooctane, acetone, 
acetonitrile (ACN) and anhydrous tetrahydrofuran (aTHF) were purchased from 
Pharmaco, (Brookfield, CT). Deionized (DI) water was obtained from a Milli-Q water 
purification system. Biphenyl, 3,3′,4,4′,5-Pentachlorobiphenyl (PCB-126), 2,2′,4,4′,5,5′-
hexachlorobiphenyl (PCB-153) and 2,3′,4,4′,5-pentachlorobiphenyl (PCB-118) were 
purchased from AccuStandard Inc., (New Haven, CT). Poly(ethylene glycol) diacrylate (400 
MW) (PEGDA) was purchased from Polysciences, Inc. (Warrington, PA). Benzo[a]pyrene 
(BaP) was purchased from Alfa Aesar, (Haverhill, MO). Molecular sieves of 3 angstroms 
were added to the solvents to keep them dry.  
3.2.2 Methods 
3.2.2.1 Screening of polyphenolic and non-polyphenolic molecules 
For screening purposes, a variety of diverse molecules were selected, and their emission 
and excitation spectra were studied in DCM. Several polyphenolic molecules were 
studied. During the quenching process, they were paired with polyphenolic and non-
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polyphenolic molecules. Based on the spectra overlap benzo[a]pyrene (BaP) was selected 
as a dye and curcumin as a quenching molecule.  
3.2.2.2 Synthesis of curcumin multiacrylate 
Curcumin multiacrylate was prepared using the developed protocol in the literature.211 
First, the solvents were dried with 3 angstroms molecular sieves for 24 hours. Curcumin 
was dissolved in aTHF in a three-neck round bottle. While TEA was introduced into the 
solution at curcumin: TEA concentration of 1:3 and the solution was purged with nitrogen 
gas. After that, acryloyl chloride was added dropwise under continuous stirring in an ice 
bath. The mixture was kept under dark conditions overnight. The precipitates of 
triethylammonium chloride were separated using vacuum filtration. THF solvent from the 
reaction was evaporated using rotary evaporation to obtain a solid product. This product 
was dissolved in DCM and an equal volume of 0.1M HCl was added to remove unreacted 
TEA. The solution was mixed and centrifuged to get an organic layer of product and DCM. 
Whereas, the excess acryloyl chloride was removed by mixing with an equal volume of 
0.1 M potassium carbonate(K2CO3) followed by mixing and centrifuging. The organic 
phase of the product was separated. Lastly, the moisture was removed from the solution 
by adding magnesium sulfate(MgSO4) until no more bubbles were escaping from the 
solution. The resulting solution was filtered to remove magnesium sulfate and the 
solution was evaporated to get a yellow powder product. This product was stored in -20 
oC conditions in a sealed bottle with desiccator packs until future use. 
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3.2.2.3 CMA loaded polyethylene glycol diacrylate microparticles 
In order to prepare curcumin loaded PEGDA microparticles (MPs), APS was used as a free 
radical initiator and TEMED as a radical accelerator. APS and CMA stock solutions of 0.2 
g/ml were prepared in DMSO. PEGDA was weighed in a glass vial and then the required 
volume of CMA stock solution was added to make CMA 6 mol% in the polymer. The 
mixture was vortex mixed to ensure uniform mixing. A glass template was prepared using 
two glass plates separated by the Teflon spacer. Sides and bottom of the template were 
covered with parafilm to avoid any leakage. In addition, binder clips were used to hold 
the plates together. APS (2wt %) and TEMED (APS/3) were introduced to the PEGDA/CMA 
solution. Total free DMSO was kept constant in a volume ratio of monomer to DMSO (3:1). 
The mixture was vortex mixed for a couple of seconds and transferred to the glass 
template using a pipette. Glass template was covered with aluminum foil and let it 
polymerize overnight. The film was then separated from the template and washed first 
with DMSO, followed by ACN:DCM (1:1) then Ethanol:DI water (1:1) and finally with DI 
water alone. The film was separated and dried in the freeze dryer. 
The dry film was then cryomilled to obtain microparticles using a SPEX Sample Prep 6875D 
Freezer/Mill using liquid nitrogen. The film was cut to fit within the stainless-steel milling 
tubes. The film was subjected to two milling cycles of 10 minutes each at 15 cycles per 
second CPS (max), with 3 minutes pre-cool and 5 min cooling in between two cycles. 
Microparticles were then collected and dried overnight in the freeze dryer and stored in 
a dark cold place.  
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3.2.2.4 BaP concentration study in DMSO/water solvent  
To check how much BaP was loaded in 25% DMSO solvent without being crashed, 
different BaP concentrations were introduced into the solvent system and their spectra 
were recorded. The concentration of BaP and peak intensity were plotted to analyze the 
allowable limit of BaP. 
3.2.2.5 Equilibrium time for BaP incubation with MPs 
In order to, find the incubation time for BaP binding to the MPs, Poly(curcumin) MPs were 
loaded in a 2ml solvent containing 25% DMSO. Two types of samples were prepared here, 
in one sonicated MPs were used and in the second MPs were used without sonication to 
see the difference in the uptaking of BaP. After that, 2 µM of BaP was introduced to the 
samples. For each time point, three samples were prepared in a 7ml glass vial. The vials 
were covered with aluminum foil to minimize light exposure. Samples were placed on the 
plate shaker under continuous shaking. At a specific time, samples were centrifuged, and 
the supernatant was separated and analyzed in the fluorescence spectroscopy for both 
sonicated and un-sonicated MPs. After that, optimum conditions were determined for 
the next steps. 
3.2.2.6 Maximum loading of BaP to the MPs 
Poly(curcumin) MPs (1mg/ml) were dispersed in 25% DMSO solvent and then 9.1 µM of 
BaP was introduced in the solvent; vials were kept on the plate shaker. After that, BaP 
concentration was increased in stepwise fashion at 0.8 µM increments every 30 mins to 
a maximum concentration of 9.4 µM in the solvent. For each addition, separate samples 
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were prepared, and supernatant fluorescence spectra was recorded for free BaP in the 
solvent. Poly(curcumin) MPs loaded with 5.5 µM of BaP were selected for further studies. 
MPs were separated using centrifuging, dried overnight and then dispersed in isooctane 
for 12.5 hours to remove all the bounded BaP from the Poly(curcumin) MPs to the solvent. 
Fluorescence intensity of BaP was recorded in isooctane and from the calibration curve, 
the mass of BaP adsorbed to the MPs was calculated.  
3.2.2.7 PCB detection through displacement  
For the PCBs detection system, PCBs stock solution was prepared in DMSO. BaP (5.5 µM) 
loaded dried poly(curcumin) MPs (1mg/ml) were used. In order to facilitate the 
displacement of BaP from the MPs, organic solvent was introduced along with water. For 
this purpose, DMSO was kept at 5% and 10% in water. BaP loaded poly (curcumin) MPs 
were introduced into the solvent without any sonication and then PCB was introduced 
into the glass vials. Samples were placed on the plate shaker for 24 hours for maximum 
displacement. Glass vials were also covered with aluminum foil to minimize the light 
exposure. After 24 hours, the supernatant was separated using centrifuging and analyzed 
for the displaced BaP in the solution.  
3.2.3 Characterization  
3.2.3.1 High-Performance Liquid Chromatography (HPLC) 
CMA was analyzed using reverse-phase HPLC (Water Phenomenex C18 column, 5 μm, 250 
mm (length) x 4.6 mm (ID) on a Shimadzu Prominence LC-20 AB HPLC system. 1 ml 
solution of CMA was prepared in acetonitrile with a concentration of 100 µg/ml. A 
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gradient from 50/50 acetonitrile/water to 100/0 acetonitrile/water over 30 min at 1 
ml/min was used with the column chamber set at 40 °C. The injection volume was 50µl 
for the sample. The chromatogram was recorded with elution time at 420 nm.  
3.2.3.2 Particle size analysis 
The particle size distribution was analyzed using Shimadzu SALD-7101 UV particle size 
analyzer operated using WingSALD software (ver. 1.02, Shimadzu). The refractive index 
was set to 1.4. First, the instrument was filled with water for blank calibration. After that, 
around 2 mg of MPs were dispersed into the water and sonicated for 2 minutes. The 
sample was introduced into the instrument and measured under stirring. Each sample 
was measured into triplicate.  
3.2.3.3 Microscopy analysis 
Poly(curcumin) MPs were dispersed into the water. Then few drops were introduced onto 
the glass slide. The water was evaporated, and particles were analyzed under an inverted 
optical microscope with epifluorescence attachment (Nikon) for Poly(curcumin) MPs 
shape and curcumin presence.  
3.2.3.4 Fluorescence spectroscopy 
Fluorescence spectroscopy was performed using a Cary Eclipse spectrophotometer. 
Samples were introduced into the spectrophotometer using a quartz cuvette from Starna 
Cells, Inc., (Atascadero, CA). All the samples were excited at 306 nm excitation wavelength 
and emission peak was recorded at 407 nm.  
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3.2.3.5 Fluorescence lifetime measurement 
Fluorescence lifetime was measured using Horiba Scientific DeltaHub™ high throughput 
TCSPC (Time-Correlated Single Photon Counting) controller,( Kyoto, Japan). The solution 
of BaP and curcumin were prepared in DCM and excited at 393 nm.  
3.3 Results and Discussion 
3.3.1 Screening of fluorescent displacement assay  
In order to identify a suitable displacement pair for PCBs sensing, various combinations 
of donor and acceptor molecules were screened. There are two types of quenching that 
can take place between two molecules, one is dynamic quenching (also known as FRET 
quenching) and the second one is static quenching. In dynamic quenching, quencher 
excitation spectra should overlap the emission spectra of the dye as shown in figure 
3.4(a). Dynamic quenching occurs when an excited fluorophore exchanges its energy with 
a molecule or an atom in a non-radiative transition to the ground state. Energy transfer 
in dynamic quenching is a strong function of the distance between the two molecules. 
Whereas, in static quenching, the fluorophore forms a stable complex with quencher 
molecule in the ground state i.e. before the excitation occurs. When this complex is 
excited it instantly returns to the ground state without emitting a photon (figure 3.4(c)).212 
Both quenching can also take place at the same time. Based on the spectra overlap in 
figure 3.4(d), it was found that benzo[a]pyrene(BaP) possesses very good donor 
properties with curcumin as an acceptor/quencher molecule. BaP has an octanol-water 
partition coefficient of 6.07213 and PCB-153 has an octanol-water partition coefficient of 
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7.79.214 Given these molecules are both very hydrophobic, it was hypothesized that PCB’s 
greater hydrophobicity would competitively displace BaP from the polymer binding sites. 
BaP and curcumin pair was first evaluated in DCM. BaP concentration of 2 µM was 
dissolved in DCM and then the solution was spiked with curcumin.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4: (a)- Spectra overlap for dynamic quenching. (b)- The collision of molecules that 
can cause dynamic quenching. (c)- Molecules are sticking together to make a non-
fluorescent pair for static quenching. (d)- Curcumin excitation spectra overlap with the 
emission spectra of BaP; curcumin is a good quencher for BaP dye.  
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The effect of curcumin on BaP fluorescence spectra is shown in figure 3.5(a) and the peak 
ratios of BaP and curcumin are shown in figure 3.5(b). Quenching can either be dynamic 
quenching (equation 1) or static quenching (equation 2). Both quenching results in a 
straight line for the intensity ratio of the dye and are represented with the following 
equations.  
𝐼𝑜
𝐼
= (1 + 𝐾𝑑[𝑄]) -(1) 
𝐼𝑜
𝐼
= (1 + 𝐾𝑠[𝑄]) - (2) 
 
Where, 
𝐼0 = BaP peak intensity without curcumin 
𝐼 = BaP peak intensity in the presence of curcumin 
𝑄 = The concentration of the quencher 
𝐾𝑑 = Stern–Volmer constants for dynamic quenching 
𝐾𝑠 = Association constant of the static complex 
 
 
Both dynamic and static quenching cause a straight line for intensity ratio of the dye as 
shown in figure 3.5 (b) and in equations 1 and 2. It needs an additional experiment to 
differentiate the mechanism of quenching involved here. It was verified using one of the 
two ways. One, using temperature-based studies. Both static and dynamic quenching are 
temperature sensitive. In static quenching, pair forms a complex and only those dye 
molecules are excited which are not in the complex as described in figure 3.4(c). 
Increasing the temperature disfavors the complex formation and it lefts more dye 
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molecules without the quencher. Thus, in static quenching, increasing the temperature 
decreases the quenching ratio. 
 
 
  
Figure 3.5: (a)- BaP, 2 µM, quenching with curcumin, the pair is excited at 306 nm. (b)- 
Intensity ratio for BaP(407nm) and curcumin(485nm) excited at 306 nm. (c)- Intensity 
ratio for BaP(407nm) and curcumin(485nm) excited at 393 nm. (d)- Fluorescence lifetime 
ratio for BaP in the presence of curcumin at an excitation wavelength of 393 nm. 
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Whereas, in dynamic quenching, raising the temperature increases the collisions (rate of 
interaction) between dye and quencher molecules that lead to higher quenching. Hence, 
dynamic quenching increases with increasing the temperature of the solution. Secondly, 
the mechanism of quenching can also be verified using fluorescence lifetime 
measurement of the dye in the presence of the quencher. Fluorescence lifetime is the 
time a fluorophore spends in the excited state before returning to the ground by emitting 
a photon.215 In static quenching, only the dye that makes a complex with the quencher 
loses the fluorescence, whereas, the free dye molecules possess their original 
fluorescence properties and hence they exhibit the same lifetime with and without a 
quencher. In case of static quenching, fluorescence lifetime remains unaltered. However, 
in case of dynamic quenching, dye and quencher have collisions that change the 
fluorescence properties of the dye. For dynamic quenching, both fluorescent lifetime and 
intensity of dye decrease with increasing the quencher concentration. Dynamic 
quenching holds the following relationship between fluorescence lifetime and the 
intensity ratio.216 
𝐼𝑜
𝐼
=
𝜏𝑜
𝜏
  -(3) 
Where, 
𝜏𝑜 = Fluorescence lifetime of the dye in the absence of the quencher 
𝜏 = Fluorescence lifetime of the dye in the presence of the quencher 
 
In this experiment, the fluorescence lifetime is measured at 393 nm, it is the lowest 
excitation wavelength available in the Time-Correlated Single Photon Counting (TCSPC) 
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instrument. BaP also excites and quenches at 393 nm as shown in figure 3.5(c). The 
fluorescence lifetime ratio of BaP in the presence of curcumin remains unaltered as 
shown in figure 3.5 (d). Although, based on the initial spectra overlap it was predicted 
that pair will exhibit dynamic quenching, but the fluorescence lifetime measurement 
indicates that BaP is experiencing static quenching in the presence of curcumin in DCM. 
The screened pair (BaP/Curcumin) shows the compatibility with the quenching model and 
it is suitable for PCBs detection system. 
3.3.2 Characterization of curcumin multiacrylate  
BaP does not have any functional groups that were modified for polymerization. 
However, it is easy to modify curcumin with functional group(s) to polymerize it in a 
polymer network. Curcumin in pure form has two or three hydroxyl groups. The presence 
of two benzene rings and the presence of linear carbon atoms make it hydrophobic that 
decreases its solubility and stability in the water. Furthermore, this molecule cannot be 
incorporated into the polymer chain without any modification. The conversion of 
curcumin to acrylate form is shown in figure 3.6. Synthesized CMA was analyzed with 
HPLC shown in figure 3.7. Samples were analyzed at 420 nm absorbance wavelength. 
Curcumin shows a characteristic peak around 6 min. Whereas CMA shows three 
distinguish peaks, the major peak around 10.5 min belongs to curcumin diacrylate. Peaks 
at 9 min and 9.8 min belong to mono and triacrylate. The ratio of curcumin, TEA and 
acryloyl chloride is 1:3:3 in the reaction. It gives 1% monoacrylate, 42.4% diacrylate and 
56.6% triacrylate.211 More detailed analysis and properties of CMA are discussed in 
literature.211 
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Figure 3.6: Curcumin converts to a mixture of mono-, di- and tri-acrylate. This mixture is 
called curcumin multiacrylate (CMA). 
 
Figure 3.7: HPLC analysis of curcumin and curcumin multiacrylate. Peak around 9 min is 
mono-, around 9.8 min is tri- and around 10.5min is diacrylate. CMA was prepared using 
protocol given in literature.211 
 
 
3.3.3 CMA loaded polyethylene glycol diacrylate  
The synthesized CMA was polymerized with hydrophilic polymer (PEGDA). For synthesis, 
free radical polymerization was selected to form a non-degradable cross-linked polymer 
network. APS was used as a free radical source as it is inorganic and soluble in both water 
and DMSO. Polymerization was carried out in excess DMSO for the polymer chains to get 
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free space to readjust themselves within the network. The reaction was accelerated with 
TEMED; it is suitable for APS and is soluble in DMSO. The acrylates groups from the CMA 
react with the acrylate groups from PEGDA and result in a PEGDA network with curcumin 
inside the chains.  
 
 
 
 
 
 
  
 
Figure 3.8: CMA has one to three acrylates groups and PEGDA has two acrylates groups. 
This helps in forming a crosslinked network. 
 
3.3.4 Particle synthesis and size distribution analysis 
Poly(curcumin) film formed in the previous step was cryo-ground to form microparticles 
used in this study, see figure 3.9. The yellow color confirms the presence of curcumin in 
the film. CMA was kept at 6-mole percent as a higher concentration of CMA does not fully 
polymerize within the polymer network. MPs have an advantage over the film with high 
surface area and are easy to use. For size distribution, poly(curcumin) MPs were 
suspended in DI water and analyzed using a Shimadzu SALD-7101 laser diffraction particle 
size analyzer with a 375 nm UV laser source. Figure 3.10 shows the particle size 
distribution; the average particle size diameter falls at 22.740 ± 0.654 µm. Figure 3.11 
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shows the images of Poly(curcumin) MPs taken from an optical microscope using white 
light. It shows these MPs are not spherical and do not have uniform size distribution. 
 
 
 
 
 
Figure 3.9: Poly(curcumin) film cryomilled to poly(curcumin) MPs using SPEX Sample Prep 
6875D. The film was subjected to two 10 min milling cycles with a maximum milling rate 
of 15 cycles per second.  
 
 
 
 
 
 
 
Figure 3.10: Particle size analysis of polymer(curcumin) MPs. 
 
 
 
 
 
Figure 3.11: Spectroscopy images of the poly(curcumin) MPs under white light. 
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3.3.5 Allowable BaP concentration of BaP in DMSO based co-solvent 
In order to assess the binding interaction effectively, a suitable partially organic solvent 
that has enough solubility for BaP but still allows particle interactions with BaP is needed. 
For this purpose, a partially organic solvent is selected. Three water-miscible organic 
solvents (ethanol, DMSO and acetone) were studied with volume concentrations of 10%, 
20%, 25%, and 30%. BaP shows stability in 25% DMSO with no solvent background 
fluorescence spectra. BaP’s maximum allowable concentration was determined in 25% 
DMSO. In figure 3.12, BaP intensity shows a linear increase with its concentration up to 
2.4 µM and after that, the peak intensity is decreasing, no more BaP is solubilizing in the 
solvent. Beyond the solubility limit fluorophore molecules first start to stick together, this 
phenomenon decreases the peak intensity that is at 407 nm for BaP and this decrease is 
notable for 2.8 µM of BaP. This sticking of molecules introduces the excimer peak (new 
peak around 494 nm emission for BaP, discussed in section 3.3.8). Further increase in the 
concentration makes the visible precipitates of BaP. The solvent system with 25% DMSO 
is safe to use for BaP with a maximum concentration of 2.4 µM.  
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Figure 3.12: BaP shows solubility in 25% DMSO up to 2.4 µM. After that, it starts to make 
an excimer.  
3.3.6 Equilibrium time for BaP incubation with poly(curcumin) MPs 
To ensure binding equilibrium was obtained, a kinetic study was performed to identify 
the time needed for the poly(curcumin) MPs to adsorb maximum BaP from the solution. 
Poly(curcumin) MPs (1mg/ml) were introduced into two 25% DMSO solvent systems. One 
was sonicated for 15 min prior to the introduction of BaP and second were used as it is 
without sonication, to determine whether sonication was needed. Both suspended 
particles are shown in figure 3.14(d). After the introduction of BaP (2 µM) to the 
poly(curcumin) MPs containing the solution, glass vials were placed on the plate shaker. 
Only the supernatant is analyzed here to check the decrease in the concentration of the 
BaP with time. The decrease in the intensity of BaP in the supernatant shows how fast 
these molecules are migrating to the poly(curcumin) MPs. The biomimetic pockets on the 
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poly(curcumin) MPs in the form of curcumin provide π-π binding for BaP from the solvent 
(figure 3.13). A decrease in the supernatant intensity for sonicated and un-sonicated MPs 
are shown in figure 3.14(a,b). The signals from figure 3.14 (a,b) are converted to the mass 
of BaP in the solvent using the calibration curve from figure 3.12 and plotted in terms of 
a decrease in BaP mass in the supernatant with time in figure 3.14(c). Both, sonicated and 
un-sonicated systems have distinct kinetics. Sonicated poly(curcumin) MPs have very fast 
kinetics. It looks like equilibrium time for BaP adsorption is achieved within an hour.  
 
 
 
 
 
 
 
 
 
Figure 3.13: Interaction of BaP to the curcumin incorporated MPs. Curcumin acts as 
biomimetic pockets for π-π interaction for the capturing of BaP from the solvent. 
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Figure 3.14: BaP uptake by sonicated and un sonicated MPs 
(a)- Kinetics of BaP uptaking by the poly(curcumin) MPs. MPs were sonicated prior to the 
introduction of BaP. (b)-Kinetics of BaP uptaking by the poly(curcumin) MPs. MPs were 
used without any sonication. (c)-Decrease in the mass of BaP in the supernatant for both 
sonicated and un-sonicated poly(curcumin) MPs. (d)- Sonicated poly(curcumin) MPs (left) 
and un-sonicated poly(curcumin) MPs to the right. 
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3.3.7 BaP released from Poly(curcumin) MPs to the organic solvent 
The decrease in the supernatant intensity suggests that BaP is possibly going to the 
poly(curcumin) MPs. It is very important to confirm that BaP is adsorbing to the 
poly(curcumin) MPs and to determine the mass of the BaP attached to the poly(curcumin) 
MPs. The best way is to desorb the BaP into a hydrophobic organic solvent. Dry 
poly(curcumin) MPs (1mg/ml) incubated with 2 µM of BaP re-dispersed in 2 ml of 
isooctane solvent. Isooctane has high BaP solubility as indicated in figure 3.16(b), the 
intensity is increasing with the concentration in a straight line. Moreover, isooctane has 
been also mentioned in the literature for contaminant extractions.217,218 Each time point 
has its own three samples. The overall experimental scheme is shown in figure 3.15. The 
incubated MPs were separated, and the supernatant was analyzed for desorbed BaP. The 
intensity peak (407 nm) is plotted against the time in figure 3.16(a), to show the optimum 
time suitable for washing off the BaP from the MPs to the isooctane solvent. It has two 
parts, the first one is the BaP remaining in the supernatant after the incubation with 
poly(curcumin) MPs. This part is the same as figure 3.14(c). Whereas, the second part only 
deals with the BaP attached to the poly(curcumin) MPs. BaP release kinetics in figure 
3.16(a) shows that its desorption into isooctane is very fast and most of it happens within 
30 minutes.  
Figure 3.16(b) shows the calibration curve for BaP in isooctane. Using this calibration 
curve for the BaP adsorbed to poly(curcumin) MPs and the calibration curve (figure 3.12) 
for unbounded BaP in the supernatant. A mass balance was applied on the 1 mg/ml of  
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 Figure 3.15: BaP in the supernatant and adsorbed to the poly(curcumin) MPs. BaP 
concentration in supernatant decreases while it increases in the MPs. 
 
 
 
 
 
 
Figure 3.16: (a)- Leaching of BaP from the poly(curcumin) MPs, MPs were separated, and 
the supernatant was analyzed. (b)- BaP calibration in isooctane. (c)- Mass balance of BaP 
on the poly(curcumin) MPs. 
 
240
250
260
270
280
290
300
310
0 500 1000 1500
In
te
n
si
ty
 (
a.
u
)
Time (min)
0
0.2
0.4
0.6
0.8
1
0 10 20 30 40 50 60
B
aP
 (
µ
g)
Time (min)
BaP in MPs
BaP in supernatant
BaP in MPs + BaP in supernatant
(a) 
(c) 
Emission peak : 407 
nm 
Emission peak : 407 nm 
y = 170.52x
R² = 0.9859
0
200
400
600
800
1000
0.0 2.0 4.0 6.0
In
te
n
si
ty
 (
a.
u
)
BaP (µM)
Emission peak : 407 
nm 
(b) 
74 
 
poly(curcumin) MPs for 2 µM of BaP, it is shown in figure 3.16(c). Most of the BaP is being 
adsorbed to the poly(curcumin) MPs. More than 80% of BaP is going to the MPs and less 
than 10% is reaming in the solvent. There is still some loss around 10%, it is due to the 
handling, switching vials and attaching to the glass walls. Overall, this section shows a 
great affinity of curcumin moieties in the polymer backbone towards the fluorescent 
molecule (BaP) as a potential candidate for displacement assay. 
3.3.8 Maximum loading of BaP to the Poly(curcumin) MPs 
The adsorption kinetics of BaP from the DMSO based solvent and the release kinetics of 
BaP from the MPs into isooctane are utilized in this section to find the maximum loading 
of BaP to the poly(curcumin) MPs. For PCBs sensing it is very important to make sure that 
all the sites are covered with BaP so that PCB can replace it and generate the signal instead 
of binding to the empty sites and produce no signal. Poly(curcumin) MPs of concentration 
of 1mg/ml were dispersed in 25% DMSO solvent. First BaP (2.4 µM) was introduced and 
after 30 min, BaP was increased stepwise with each 0.8 µM addition. Supernatants for all 
the samples were separated and analyzed for BaP peak around 407 nm, and the excimer 
peak around 494 nm. Figure 3.17(a) shows the fluorescence spectra for BaP in the 
presence of 1mg/ml of poly(curcumin) MPs. Whereas, 3.17 (b) shows the peak intensities 
of BaP around 407nm and 494 nm in the presence of poly(curcumin) MPs and PEGDA MPs 
control. Both peaks of BaP in the presence of PEGDA MPs are higher than the BaP peaks 
in the presence of poly(curcumin) MPs. From the calibration curve for 2.4 µM of BaP in 
the solvent, it appears that PEGDA MPs are providing a non-specific binding to BaP. 
However, Poly(curcumin) MPs show higher binding due to the presence of curcumin in 
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the polymer network. Furthermore, the appearance of the excimer peak of BaP for PEGDA 
MPs also shows that BaP is sticking together instead of going to the MPs. Whereas, 
excimer peak for poly(curcumin) MPs is very low due to the availability of additional 
biomimetic moieties in the MPs. BaP sticks together at a higher concentration of 6.3 µM 
and above, showing that poly(curcumin)MPs are being saturated and no more BaP is 
going to the MPs. It suggests that 5.5 µM is safe maximum loading of BaP in 25% DMSO 
solvent containing 1mg/ml of poly(curcumin) MPs with 6 mole% CMA loading. 
Poly(curcumin) MPs incubated with 5.5 µM of BaP were separated and analyzed for the 
total loading of BaP using isooctane. The leached-out BaP is shown in figure 3.18(a). From 
the calibration curve of BaP in isooctane, it was found that BaP concentration of 5.2 µM 
as loaded onto the MPs out of 5.5 µM of total BaP introduced to the solvent. These BaP 
(5.5 µM) incubated poly(curcumin) MPs were re-dispersed in 25% DMSO solvent for 24hrs 
to find out the binding efficiency of BaP. The supernatant spectra of BaP are shown in 
figure 3.18(b). It was interpreted with the help of a calibration curve that only around 0.4 
µM of BaP is losing from the Poly(curcumin) MPs. There is still plenty of BaP left on the 
MPs for displacement purposes to detect PCBs in water.  
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Figure 3.17: (a)-Different concentrations of BaP in 25% DMSO in the presence of 
poly(curcumin) MPs. (b)-BaP peak intensities in the supernatant in the presence of 
poly(curcumin) MPs and PEGDA MPs control. 
 
 
Figure 3.18: BaP adsorbed to MPs and BaP binding efficiency. (a)- BaP leaching to 
isooctane from 5.5 µM incubated poly(curcumin) MPs. It corresponds to 5.2 µM of BaP 
into the solvent. Which proves that most of the BaP are going to the MPs. (b)- BaP (5.5 
µM) incubated poly(curcumin) MPs re-dispersed in 25% DMSO for 24 hrs. It shows that 
only around 0.4 µM is coming off the MPs.  
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3.3.9 PCBs detection using poly(curcumin) MPs 
Detailed characterized BaP incubated poly(curcumin) MPs were finally evaluated for PCBs 
sensing in water. The scheme for this section is shown in figure 3.19. The aim of this 
section is to use the BaP incubated poly(curcumin) MPs and dispersed them in water 
containing PCBs and let PCBs displace BaP from the binding sites and restore their 
fluorescence intensity in the solvent. Since BaP has very low solubility in water, it is very 
important to use a solvent system that can facilitate the displacement phenomenon and 
solely driven by the PCBs. For this purpose, a small percentage of DMOS (5% and 10%) 
was introduced to the water. It will keep BaP in the solvent without crashing it out.  
 
 
 
Figure 3.19: Displacement scheme of BaP with PCBs from the poly(curcumin) MPs 
dispersed in 5% and 10% DMSO solvents. 
 
Poly(curcumin) MPs incubated with BaP were re-dispersed in 5% and 10% DMSO solvent 
with various concentrations of PCBs. The solvent system with 5% DMSO only has 30 µM 
of maximum concentration of the analytes, while 10% DMSO solvent has a maximum 
concentration of 60 µM. BaP intensity peak around 407 nm is plotted for 5% and 10% 
DMSO solvent in figure 3.20(a,b). Both PCB-126 and PCB-118 show little increase in the 
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Figure 3.20: (a)- BaP displaced by different molecules in 5% DMSO solvent. The peak 
intensity is recorded at 407nm. (b)- BaP displaced by different molecules in 10% DMSO 
solvent. The peak intensity is recorded at 407nm. 
 
intensity of BaP for 5% DMSO. However, this increase is more promising for both PCBs in 
10% DMSO. PCB-153 has a different story, it shows very high displacement of BaP from 
the poly(curcumin) MPs and these signals are very high as compared to the other two 
PCBs. It is suggesting that PCB-153 is more active in pushing BaP out of the 
poly(curcumin)MPs in both solvent systems, it might be because of the high octanol-
water constant of PCB-153. Figure 3.21 shows that PCB-153 background signals are 
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almost negligible; indicating that signals are coming from the BaP displaced from the 
poly(curcumin) MPs and not from PCB-153. This section successfully demonstrates the 
detection of PCBs in water using BaP incubated poly(curcumin) MPs.  
 
Figure 3.21: PCB-153 fluorescence spectra in 5%DMSO, excited at 306 nm. 
 
3.3.10 BaP-displaced calibration and detailed analysis 
Fluorescence spectra of BaP displaced by PCB-153 is shown in figure 3.22(a,b) for both 5% 
and 10% DMSO. BaP is forming an excimer shape in both solvent systems, but the spectra 
as a whole are going upward with increasing the concentration of PCB-153. The 
concentration of BaP that is being displaced is calibrated to relate the PCBs concentration 
that is causing this displacement. The calibration spectra of BaP in 5% and 10% DMSO are 
shown in figure 3.23(a,b). Whereas peak intensities for these plots are shown in figure 
3.23(c,d), it covers three BaP peaks, first peak at 407nm, second peak at 432nm and third 
excimer peak at 494 nm. The calibration resulted in unexpected outcomes that BaP’s 
displacement curve from poly(curcumin) MPs with PCB-153 and its calibration curve in  
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Figure 3.22: (a)- BaP being displaced from the poly(curcumin) MPs with PCB-153 in 5% 
DMSO. (b)- BaP being displaced from the poly(curcumin) MPs with PCB-153 in 10% DMSO. 
 
DMSO based solvent are not identical. Both curves are un-relatable in terms of spectral 
shape and intensity. At low concentration, BaP shows both peaks at 407nm and 423 nm 
and the formation of excimer around 494 nm is in accordance with the results to match 
with 3.22(a,b). However, as the concentration of BaP is increased in the calibration 
system, peak at 407 stops increasing and peaks at 423 and at 494nm begin to increase as 
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shown in figure 3.23(c,d). Both other PCB-126 and PCB-118 show very low displacement, 
their concentration might be related to the BaP calibration curve. However, if PCB-153 is 
affecting BaP’s stability in DMSO based solvent then other PCBs might be doing the same 
thing with low strength. This system was further analyzed to find out the problem. The 
system involves different components that include curcumin, DMSO, polymer(PEGDA), 
BaP and PCBs in it.  
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Figure 3.23: (a)- BaP calibration curve in 5% DMSO solvent. (b)-BaP calibration curve in 
10% DMSO solvent. (c)- BaP peaks intensity in 5% DMSO solvent. (d)- BaP peaks intensity 
in 10%DMSO solvent.  
 
Since poly(curcumin)MPs are being separated and only supernatant is being analyzed 
here, curcumin and polymer were ruled out. Whereas, DMSO is fluorescently inert 
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solvent. It left with BaP and PCB in the system that can cause strange fluorescent 
behavior. For this purpose, BaP concentration of 0.08 µM was selected, as it does not 
form an excimer in 10% DMSO calibration curve. This BaP concentration was mixed with 
various concentrations of PCB-153 in 10% DMSO to see the effect of PCB-153 on BaP in 
the solvent. The mixture was excited at 306 nm and the spectra obtained are shown in 
figure 3.24(a), whereas, change in peak intensity at 407nm is shown in figure 3.24(b). It is 
surprising to see that PCB-153 and BaP are interacting in the solvent and BaP’s intensity 
is increasing in 10% DMSO. The increase in intensity is higher than the highest soluble 
concentration of BaP in 10% DMSO. BaP peak intensity is touching a plateau at a high 
concentration of PCB but still, no excimer is forming. There are two possibilities that 
inferred from the poly(curcumin) MPs based displacement assay, one that PCB-153 is 
displacing BaP from the poly(curcumin)MPs and free PCB-153 is interacting with the 
displaced BaP in the solvent. Second, PCB-153 is not displacing BaP but it is attracting BaP 
to the solvent to interact with it and behave differently.  
 
Figure 3.24: (a)- BaP (0.08 µM) interaction with PCB-153 in 10% DMSO, excited at 306 nm. 
(b)- BaP peak intensity at 407 nm with PCB-153. 
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3.4 Conclusions  
In this work, different fluorescent molecules were screened to finalize BaP/curcumin as a 
quenching pair used in the displacement assay. curcumin was successfully converted to 
curcumin multiacrylate using an existing protocol. This CMA was incorporated into the 
PEGDA chain using free radical polymerization to obtain non-degradable polymer 
particles. Poly(curcumin) MPs loaded with 6 mol% CMA showed very good binding of BaP 
to the MPs using π-π interaction. The control MPs also showed the presence of non-
specific binding for BaP. However, BaP showed a stable binding to Poly(curcumin) MPs in 
25% DMSO solvent. The interaction of BaP incubated Poly(curcumin) MPs with PCBs 
showed the signs of PCBs presence in the solvent. There might be displacement in the 
system, however, these signals are dominantly representing the interaction of BaP and 
PCBs in the solvent. This interaction is further evaluated in chapter 4.  
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CHAPTER 4. DETECTION OF PCBs IN WATER USING HYDROPHOBIC INTERACTION 
Based on the research article: 
Ahmad, Irfan, Jiaying Weng, A. J. Stromberg, J. Z. Hilt, and T. D. Dziubla. 
"Fluorescence based detection of polychlorinated biphenyls (PCBs) in water 
using hydrophobic interactions." Analyst 144, no. 2 (2019): 677-684. 
4.1 Introduction 
Fluorescence spectroscopy is a highly sensitive, rapid and simple to employ detection 
method.219 This technique is already being used for environmental and bio applications in 
terms of sensing precious metal ions 220, explosives 221, hazardous gas molecules 222, 
cancer biomarkers, cells, and tissues 223. While other methods and techniques are limited 
by the cost, time and sample handling, the ubiquitous use of fluorescence techniques in 
a wide range of industries, make their application to environmental pollutant detection 
plausible. 
In this chapter, it was hypothesized that PCBs can make a hydrophobic complex with other 
fluorescent molecules in water that can alter their fluorescent properties. BaP 
fluorescence signal is strongly enhanced in non-polar environments. It was found that BaP 
intensity increases in water beyond the highest intensity in organic solvent through 
interaction with PCBs, potentially providing a rapid sensing technique for the detection 
of PCBs. Furthermore, this work demonstrates that hydrophobic sensor can sense PCBs 
in water in the presence of freshwater conditions such as pH, ionic strength and humic 
acid.  
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4.2 Experimental section 
4.2.1 Materials 
Unless otherwise stated, chemicals and reagents were used as received without any 
additional purification. 3,3',4,4',5-Pentachlorobiphenyl (PCB-126), 2,2',4,4',5,5'-
hexachlorobiphenyl (PCB-153), 2,3',4,4',5-pentachlorobiphenyl (PCB-118) and biphenyl 
(BiP) were purchased from AccuStandard Inc.,(New Haven, CT). 4,4-dihydroxy biphenyl 
(Di-OH BiP) was purchased from Sigma Aldrich,(St.Louis, Mo). Sodium hydroxide was 
purchased from fisher scientific,(Hampton, NH). Sodium chloride was obtained from 
VWR,(Radnor, PA). Humic acid (H.A) and benzo[a]pyrene (BaP) were purchased from Alfa 
Aesar,(Haverhill, MA). Dichloromethane (DCM), iso-octane, n-hexane and dimethyl 
sulfoxide (DMSO) was purchased from Pharmaco (Brookfield, CT). Deionized (DI) water 
was obtained from Milli-Q water purification system. 
4.2.2 Method 
4.2.2.1 BaP fluorescence properties in organic solvents 
In order to determine the relationship between fluorescence intensity and solvent 
hydrophobicity, BaP fluorescence was measured in five organic solvents (n-hexane, 
DMSO, chloroform, DCM and isooctane). Stock solutions of BaP were prepared in 
each organic solvent and then it was diluted to 0.08 µM of BaP with the respective 
organic solvent and analyzed the fluorescence spectra using excitation wavelength 
of 294 nm.  
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4.2.2.2 BaP interaction with PCBs, biphenyls and humic acid in water 
The stock solution of BaP, PCBs, biphenyls were prepared in DMSO. Whereas, the stock 
solutions for humic acid and 4,4-dihydroxy biphenyl were prepared in water. First BaP 
(0.08 µM) was introduced to the DI water and then it was spiked with the analyte. Glass 
syringes were used to transfer the analytes for minimum loss. Solutions were mixed on 
the vortex mixer for 5 seconds to homogenize them. Once the solution is completely 
mixed, it was then analyzed for the fluorescence signals. Total DMSO in the solvent was 
kept constant at 1.6 vol%.  
4.2.2.3 BaP interaction with PCBs and other molecules in the organic solvent 
BaP, PCBs biphenyls, and 4,4-dihydroxybiphenyl were dissolved in the organic solvent 
(DMSO). The same procedure was repeated as in section 4.2.2.2, with DMSO as the 
solvent instead of DI water.  
4.2.2.4 Effect of ionic strength on BaP and PCBs interaction 
Sodium chloride stock solution was prepared in water. Using the method form the section 
4.2.2.2, BaP and PCBs were mixed in DI water with ionic strength varying from 1mM to 
20mM.  
4.2.2.5 Effect of pH on BaP and PCBs interaction 
DI water of an un-buffered pH of 8.5 was used as a solvent for samples preparation. Both 
BaP and PCBs were mixed in the unbuffered pH solvent as described in section 4.2.2.2 
and then characterized. 
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4.2.2.6 Effect of natural organic matter on BaP and PCBs interaction 
Humic acid stock solution was prepared in water. After introducing BaP, the solution was 
spiked with PCBs and humic acid both. Humic acid concentration was varied from zero to 
20 ppm in the sample.  
4.2.3 Characterization 
All the samples were characterized using Cary Eclipse spectrophotometer. It has a 
maximum spectra intensity of 1000 a.u. All the samples were scanned at medium 
scanning rate (600nm/min) with medium voltages (600 volts) of the PMT detector. 
Samples were introduced to the spectrophotometer using a quartz micro fluorometer cell 
of 0.7 ml volume and 10 mm path length from Starna Cells, Inc.  
4.3 Results and Discussion 
4.3.1 BaP fluorescence properties in organic solvents 
Various properties of organic solvents potentially affecting BaP fluorescence are 
shown in table 4.1. These solvents are divided into three groups, non-polar solvents 
(n-hexane and isooctane), polar aprotic solvents (DCM and DMSO), polar protic 
solvents (water) and chloroform was tagged as a slightly polar solvent. Since BaP is 
an unsubstituted aromatic hydrocarbon, it is less sensitive to the solvent 
polarity.212 
As shown in Figure 4.1, the fluorescence intensity of BaP increases with increasing solvent 
hydrophobicity. The maximum fluorescence intensity of BaP is evaluated in five 
organic solvents (n-hexane, DMSO, chloroform, DCM and isooctane). BaP 
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concentration is constant at 0.08 µm in all solvents. The change in fluorescence 
spectra for each organic solvent is analyzed that is displayed in figure 4.1(a,b).  
 
Table 4.1: Organic solvents with their dipole moment, viscosity, dielectric constant and 
BaP intensity in the solvents. BaP (n=3 with standard deviation) 
 
Based on solvents types, non-polar solvents show very low intensity of BaP and polar 
aprotic solvents are showing an increase in the intensity of BaP. If only organic solvents 
are considered, then the intensity of BaP is higher for solvents with a higher dipole 
moment. Since the intensity levels vary in each organic solvent, this indicates the 
presence of specific solvent-fluorophore interaction. This interaction takes places due to 
the presence of one or more nearby molecules and it is determined by the chemical 
properties of the solvent and fluorescent molecules.231,232 
As BaP is non-polar at the ground state, it is polarized at the excited state and this excited 
state is interacting uniquely with each solvent. For non-polar solvents, there is very low 
interaction for solute and solvent that is why the intensity for n-hexane and isooctane is 
Solvent Dipole 
moment (D)  
224–226 
Viscosity 
(mPa.s) 
227,228 
Dielectric 
constant(є) 
229,230 
Polarity 
Index 
Solubility 
parameter 
BaP 
fluorescence 
intensity (a.u) 
n-hexane 0.00 0.29 1.9 0.1 14.9 10.79 ± 0.33 
Isooctane 0.00 0.47 2.2 0.4 15.1 18.18 ± 0.50 
Chloroform 1.04 0.54 4.8 4.1 18.7 44.28 ± 0.38 
DCM 1.62 0.42 9.1 3.1 20.2 66.97 ± 2.30 
DMSO 3.96 2.0 47.24 7.2 26.4 84.71 ± 1.40 
water 1.58 0.89 80.1 9.0 48.0 17.14 ± 0.7 
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very low. Since chloroform is slightly-polar, it interacts with the excited state based on its 
low dipole moment and increases BaP intensity.  
 
 
 
 
 
Figure 4.1: BaP fluorescence signals in organic solvents. 
(a)- BaP (0.08µM) fluorescence spectra in organic solvents. Excited at 294 nm, (b)- BaP 
(0.08µM) peak intensity at 407nm in organic solvents and in water, excited at 294 nm. 
The bar graph represents the fluorescence intensity and the dotted curve represents the 
solubility parameter. 
 
Whereas, for polar aprotic solvents, the intensity is higher for DMSO as it has a high dipole 
moment, viscosity and solubility parameter. There might be one or more than one factor 
(e.g. dipole moment, solvent-solute interaction at excited state and viscosity for the local 
environment) that are active here for enhancing BaP intensity. As water is a unique polar 
protic solvent with the presence of hydrogen bonding, it is behaving opposite to the listed 
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organic solvents. Its dipole moment is close to DCM, but BaP intensity in water is closer 
to isooctane. This indicates the absence of solvent-solute interaction at the excited state 
of BaP. The presence of hydrogen bonding suggests water molecules are very strong, and 
they are not letting water interact with the excited state BaP. There is one more possibility 
that BaP is not very strongly polarized by the incident light that can break the hydrogen 
bonding and interact with the water molecules based on their dipole moment. Here, the 
interaction of individual organic solvent with BaP is not evaluated in detail. As the focus 
of to detect PCBs in water to display the intensity of BaP changes with the surrounding 
environment including PCBs.  
4.3.2 BaP interaction with PCBs, biphenyls and humic acid in water 
For sensing evaluation, BaP interaction is studied with PCBs, biphenyls and humic acid. 
BaP concentration was kept at 0.08 µm while analytes concentration was varied from zero 
to 30 µM. The change in BaP spectra in the presence of PCB-126 is displayed in figure 
4.2(a). BaP intensity is increasing with increasing the concentration of PCB-126 in water. 
Whereas, PCB-126 control in water has a very low intensity as shown in figure 4.2(b). 
Figure 4.2(c) illustrates the peak intensity of BaP in the presence of all three PCBs(PCB-
126, PCB-118, and PCB-153). Similarly, biphenyl, 4,4-dihydroxy biphenyl, and humic acid 
were studied with BaP in water as control molecules. Peak intensities of BaP with these 
three molecules are given in figure 4.2(d). 
 
92 
 
Figure 4.2: BaP with PCBs and other molecules in water. 
(a)- Increase in BaP (0.08µM) fluorescence intensity with PCB-126 in water, (b)- PCB-126 
control fluoresces spectra in water, (c)- Peak intensity of BaP in the presence of three 
PCBs and the peak intensities of PCBs control in water,(d)- Change in intensity of BaP with 
the addition of humic acid, biphenyl (BiP) and 4, 4-Dihydroxy biphenyl (Di-OH BiP) and 
their control in water  
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Biphenyl does not show any change in the intensity, whereas, 4,4-dihydroxy biphenyl and 
humic show an increase in the intensity with BaP and without BaP in water. Humic acid 
molecular weight was calculated using average chemical formula C187H186O89N9S1.233 PCBs 
have low solubility in pure water, ranging from 0.0012 to 4830 µg/L.234 PCB-126, PCB-153 
and PCB-118 solubility in water is 7.4 µg/L (0.023 µM), 0.91 µg/L (0.003 µM) and 13.4 µg/L 
(0.04 µM), respectively.235,236 Solubility of PCBs in water depends on both the number of 
chlorine atoms with their positions.237 Sometimes PCBs can be exceeded in water than 
excepted solubility 238 due to the dissolved solids and humic acid. PCB-126 and PCB-118 
have five chlorine atoms and both have unlike solubilities based on the position and 
geometry of the molecule, whereas, PCB-153 has the highest chlorine atoms (six) among 
these PCBs and its solubility is lower than other two PCBs. However, the absence of 
chlorine atoms in biphenyls increases its solubility to 7.48 mg/L.239 These PCBs showing 
high solubility as compared to the literature data because of two possible reasons. One, 
the stock solution of reagents is prepared in DMSO and each sample contains around 1.6 
% DMSO in it, which is changing the solubility values in water. Secondly, the presence of 
two hydrophobic molecules (BaP and PCBs) are providing pockets to each other for the 
hydrophobic interaction and their solubility in water. If PCB is increased beyond the max 
solubility in water, then they should make white precipitates. The solution was 
centrifuged at 4500 rpm for 30 min to see if there is any precipitate that is separating 
from the solution, however, there were no visible precipitates present in the samples. 
Furthermore, the intensity interaction between BaP and PCB should reach a plateau, as a 
constant concentration of PCB will be available in solution and the rest will be settling 
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down. However, BaP intensity is increasing with increasing the PCBs concentration 
suggesting the absence of precipitations of PCBs in the solution. Although, there are other 
factors discussed in the next sections that dramatically affect the solubility of PCBs in 
water. When BaP is introduced in water, water’s hydrogen bond is broken to 
accommodate BaP by forming a clathrate cage (hydrophobic hydration) around the 
molecule as exposed in figure 4.3(a). BaP concentration of 0.08µM is the maximum 
concentration in water with a minim excimer peak as revealed in figure 4.2(a). Increasing 
the concentration of BaP beyond 0.08 µM starts to increase the excimer peak (around 
494 nm). In organic solvents, the intensity of BaP was increased to higher values as a 
function of BaP concentration without forming the excimer, it is because of the 
hydrophobic nature of the organic solvents. These organic solvents provide hydrophobic 
pockets for BaP that result in an increase in its solubility. Similarly, hydrophobic pockets 
are provided in water that results in an increase in the intensity of BaP. When PCB and 
BaP are introduced in water, the water molecules surround the individual analyte 
molecule forming the clathrate hydrates. When the concentrations of hydrophobic 
molecules (BaP and PCBs) increase in water, they start to interact with each other and 
make their own cage forming the hydrophobic complex that leads to hydrophobic 
interaction, figure 4.3(b), this hydrophobic complex possesses its own unique properties 
that differ from both PCBs and BaP. BaP/PCB complex might be showing high polarity that 
is breaking the hydrogen bond and interacting with the solvent and causing the solvent-
solute interaction effect to enhance the quantum yield of BaP in water. 
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Figure 4.3: (a) Water forms the clathrate cage to accommodate the hydrophobic 
molecule, (b)- if there are two unique hydrophobic molecules surrounded by the water 
then these two molecules can stick together to make a complex based on their 
hydrophobicity and affinity. 
 
PCBs have two benzene rings and chlorine atoms at different locations. The number of 
chlorine atoms, their location and coplanar and non-coplanar geometry of PCBs 
determine the degree of hydrophobicity, PCBs and BaP structures are shown in figure 4.4. 
Higher the number of chlorine atoms higher the hydrophobicity that will lead to more 
interaction with BaP and increase fluorescence signals.  
BaP has the same spectral structure and an increasing trend for PCB-153 and PCB-118 as 
for PCB-126. PCBs were distinguished in the order of high to low intensity as PCB-153, 
PCB-118, and PCB-126, respectively. PCB-153 might be making more suitable interaction 
with BaP based on its structure for maximum increase in quantum yield as compared to 
coplanar PCB-126 and mix-planar PCB-118. The log Kow values of PCB-126, PCB-118 and 
PCB-153 are 7.09, 7.26 and 7.79, respectively 214, indicating that PCB-153 has the highest 
hydrophobicity among these PCBs and hence highest change in intensity. 
(a) 
 
(a) 
(b) 
 
(b) 
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Figure 4.4: Structure of PCBs and other molecules used in this work. 
 
Other non-planar PCBs, PCB-206 (2,2',3,3',4,4',5,5',6-nonachlorobiphenyl) and PCB-209 
(2,2',3,3',4,4',5,5',6,6'decachloro-biphenyl) has log Kow of 9.63 and 10.83 214, respectively. 
Since non-planar PCB(PCB-153) gave the highest intensity and has high hydrophobicity 
due to the higher number of chlorine atoms. Based on the observed trend and keeping 
the geometry and hydrophobicity in mind, it can be inferred that PCB-209 will give the 
highest intensity for BaP as all its sides are filled with chlorine atoms.  
Figure 4.2(d) displays the interaction of BaP with humic acid (H.A), biphenyl (BiP) and 4, 
4-Dihydroxy biphenyl (Di-OH BiP). These molecules are selected as control molecules to 
compare them with PCBs, the absence of chlorine atoms makes them highly soluble in 
Humic acid structure 258 
97 
 
water than PCBs. H.A is selected, as it is one of the main impurities in the freshwater. It is 
noted that BiP does not show any change in the signal in the presence of BaP. Whereas, 
both H.A and Di-OH BiP show an increasing trend with BaP. Di-OH BiP indicates a high 
increasing trend than other molecules. Both H.A and Di-OH BiP in water have 
autofluorescence and their spectra fall in the same region as of BaP. The autofluorescence 
of both molecules is adding the signal with BaP, it is seen in figure 4.5 and figure 4.6. H.A 
control intensity in water and its respective intensity with BaP in water show that as H.A’s 
concentration goes beyond 3 µM, fluorescence signals are completely shadowed by the 
H.A alone and BaP does not play any role beyond this concentration of H.A. Similarly, for 
Di-OH BiP the variance between the intensity with BaP and without BaP indicates net 
difference in intensities bounce around 17nm, it represents no actual increase in the 
signal with BaP. In case of BiP, the absence of chlorine atoms makes it less hydrophobic 
and more solubilize in water as compared to PCBs. Due to the low hydrophobicity of BiP, 
it is not interacting with BaP. Di-OH BiP has hydroxyl groups that provide it with the 
hydrophilic region and the absence of chlorine atoms further reduces its hydrophobicity. 
Di-OH-BiP is more likely to solubilize in water based on the hydrogen bonding instead of 
hydrophobic hydration. Whereas H.A is an amphiphilic molecule, the presence of carboxyl 
and hydroxyl groups helps it to dissolve in the water and aromatic rings provide pi-pi 
interaction for aromatic molecules.  
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Figure 4.5: (a)-4, 4-dihydroxy biphenyl interaction with BaP in water. (b)- 4, 4-dihydroxy 
biphenyl control in water. 
 
 
Figure 4.6: (a)-Humic acid (H.A) interaction with BaP in water. (b)- Humic acid control in 
water. 
 
Based on PCBs, BiP, Di-OH BiP and H.A study with BaP it can be derived that this 
interaction is a function of the presence of chlorine atoms in the biphenyl family. More 
types of PCBs can be studied with low chlorine to high chlorine atoms to develop the 
relationship between the number of chlorine atoms and hydrophobicity.  
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4.3.3 BaP interaction with PCBs and other molecules in the organic solvent 
Hydrophobic interaction is unique and exists only in non-organic solvent (water) and not 
in the organic solvent. In order to confirm this, BaP/PCBs interaction was studied in 
DMSO. It is selected as a model organic solvent based on its non-volatility, which makes 
it easy to handle. Moreover, it does not have any background fluorescent signal that can 
interact with the signals from PCBs and BaP. The peak intensity of BaP with PCB-126, PCB-
118, and PCB-153 is shown in figure 4.7. The interaction of BaP/PCB is being inhibited in 
an organic solvent. BaP baseline intensity is higher in DMSO than in the water but there 
is no dose-dependent effect on BaP intensity within the concentration range. Biphenyl 
and 4,4-Dihydroxy biphenyl were also studied with BaP in DMSO, it was also noted that 
these two molecules do not have any interaction with BaP in the organic solvent.  
 
 
Figure 4.7: PCBs interaction with BaP in an organic solvent. 
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BaP and PCBs are easily dissolved in most of the organic solvents, they make their own 
pockets (figure 4.8) because of their high solubility, unlike water where they stick together 
(figure 4.3(b)) within their water cage to form a hydrophobic complex. Figure 4.7 indicates 
the max peak intensity around 407 nm for all three PCBs with BaP and without BaP in 
DMSO. Figure 4.9(a) and 4.9(b) show PCB-126 spectra with and without BaP in DMSO. 
There is no change in spectral intensity or shape. Similarly, no interaction was observed 
for BiP and Di-OH BiP in DMSO, their behavior was found to be the same in both organic 
solvent and in water. As discussed in the previous section, in water, both molecules have 
low solubility and strive for hydrophobic pockets, which is a driving force in bringing both 
molecules closer to each other.  
 
 
 
 
 
 
Figure 4.8: Hydrophobic molecules staying apart in an organic solvent and not making and 
complex for change in energy.  
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Figure 4.9: (a)- PCB-126 interaction with BaP in DMSO, (b)- PCB-126 control in DMSO. 
 
4.3.4 Effect of water properties and environmental contaminants on BaP/PCB 
interaction  
BaP is successfully detected in the DI water, but freshwater has altered conditions than 
DI water, these affect the detection system. The factors that are studied along with BaP 
and PCBs interaction include pH, humic acid and ionic strength. Temperature is also one 
of the factors as temperature directly linked to the kinetic energy of the molecules. The 
temperature change can affect the viscosity of the solution that can change the kinetic 
energy of the molecules 240 and hence changing the fluorescence properties. This problem 
is easy to handle by using a thermostatted cuvette cell or letting the sample reach the 
room temperature before analyzing it. Temperature effects are not mentioned here as all 
the samples are studied at room temperature. 
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4.3.4.1 pH effects 
pH is an important factor in water as a slight change in pH can radically influence the 
fluorescence intensity.241 pH can also change the solubility of the solute in water making 
it either more soluble or precipitating it out of the water and in both cases, the 
fluorescence signals will change. Groundwater pH falls in range ~6 to 8.5 and freshwater 
pH varies from 6.5 to 8.5.242 DI water has an unbuffered pH of 5.8, which is close to the 
lower limit of pH of 6. The solvent pH is changed to the higher end and its effects on 
sensing are studied. Figure 4.10(a,b and c) illustrate the interaction of BaP with PCB-126, 
PCB-153, and PCB-118, respectively in pH 5.8 (DI water pH) and in pH 8.5. The change in 
pH affects each PCBs in a unique way. PCB-126 and PCB-153 intensities decrease as the 
pH is changed from 5.8 (DI water) to 8.5. Whereas, the intensity for PCB-118 increases 
with increasing the pH of water. The intensity of BaP control (zero µM PCBs) is almost the 
same (around 16 a.u) in both 8.5 and 5.8 pH, this means the change in fluorescence 
intensity is due to the change in properties of PCBs at 8.5. pH might be affecting the 
solubility of PCBs in water, pushing the molecules closer to each other for enhanced 
interaction or relaxing them for low interaction. This interaction is different for each PCB, 
making it a characteristic of PCBs type. Another possible reason is the interference in the 
interaction of BaP and PCBs(PCB-126 and PCB-153), it might be based on the orientation 
of chlorine atom’s sensitivity to pH as PCB-126 and PCB-118 has the same number of 
chlorine atoms but at distinctive locations and both PCBs demonstrate opposite effect 
with the change in pH. pH 8.5 is changing the spectral shape of PCB-126 as shown in figure 
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4.10(d) by lifting the part of the curve around 490 nm, whereas spectra shape for PCB-
153 and PCB-118 are not changing except their intensities. 
 
Figure 4.10: BaP and PCBs in different pH solutions. 
(a)- BaP and PCB-126 interaction in DI water with unbuffered pH of 5.8 and 8.5, (b)- BaP 
and PCB-153 interaction in DI water with unbuffered pH of 5.8 and 8.5, (c)- BaP and PCB-
118 interaction in DI water with unbuffered pH of 5.8 and 8.5, (d)- PCB-126 in water with 
BaP at pH 8.5 
 
0
50
100
150
200
250
0 10 20 30
In
te
n
si
ty
 (
a.
u
)
PCB-126 (µM)
(a)
pH: 5.8 (DI water)
pH: 8.5
Emission peak: 407 nm
0
50
100
150
200
250
0 10 20 30
In
te
n
si
ty
 (
a.
u
)
PCB-153 (µM)
(b)
pH: 5.8 (DI water)
pH: 8.5
Emission peak: 407 nm
0
50
100
150
200
250
0 10 20 30
In
te
n
si
ty
 (
a.
u
)
PCB-118 (µM)
(c)
pH : 5.8 (DI water)
pH: 8.5
Emission peak: 407 nm
0
10
20
30
40
50
60
70
80
90
100
375 425 475 525
In
te
n
si
ty
 (
a.
u
)
Emission wavelength (nm)
(d)
PCB : Zero µM
PCB : 1 µM
PCB : 3 µM
PCB : 5 µM
PCB : 10 µM
PCB : 15 µM
PCB : 20 µM
PCB : 30 µM
Excitation wavelength: 294 nm
104 
 
As pH 8.5 is towards the basic range, it might be the presence of OH- ions that are 
increasing the specific solvents effects on the hydrophobic complex of PCB-118 and BaP. 
These ions might be interacting with the charge on the hydrophobic molecule or 
interacting with the induced dipole moment caused by the electronic excitation. For the 
other two PCBs, this effect is more profound in the presence of H+ ions i.e. pH 5.8. For 10 
µM of PCBs, the signal drops by 28% and 29% for PCB-126 and PCB-153, respectively. 
However, for PCB-118, it increases by 59%. The pH value of 8.5 is the highest for 
freshwater that confirms the change in the fluorescence signal of BaP with PCBs, but PCBs 
are still detectable if the pH of water is varied between 6 and 5.8. 
4.3.4.2 Effect of Natural organic matters (NOM) 
The concentration of natural organic matter (NOM) in freshwater ranges from 0.1 ppm to 
20 ppm and mainly comprises of humic acid substance.243 It can give light brown to dark 
brown color to water based on its concentration. To evaluate the impact of these 
compounds on PCBs detection, five concentrations of humic acid (0.1, 3,5,10 and 20 ppm) 
were selected here to study the change in fluorescence signals of BaP and PCBs. Since 
humic acid has background fluorescence, in order to get the BaP specific intensity in the 
presence of humic acid, background signals of humic acid were subtracted from the 
respective intensity. Figure 4.11(a,b and c), represents the interaction of BaP/PCBs in the 
presence of humic acid in the solvent.  
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Figure 4.11: BaP and PCBs in water in the presence of humic acid. 
(a)- BaP/PCB-126 interaction in the presence of humic acid in water, (b)- BaP/PCB-153 
interaction in the presence of humic acid in water, (c)- BaP/PCB-118 interaction in the 
presence of humic acid in water. 
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Humic acid is an amphiphilic molecule. It has carboxyl and hydroxyl groups that make it 
partially hydrophilic. Hydrophobic pockets in the humic acid are ideal for pollutants in 
water and soil. Humic acid can control the acidity of the soil, it can remove hazardous 
compounds and its amphiphilic properties are affecting the environment.244 Humic acid’s 
critical micelles concentration is 10g/L (10,000 ppm) which is a much higher concentration 
used in this work. Humic acid is the reason PCBs and other pollutants are soluble in water 
and in soil due to its hydrophobic pockets. Humic acid causes a decreasing trend in the 
intensity of BaP with PCB-126 and PCB-153. Whereas, for PCB-118, there is not much 
change in the intensities of BaP. Effect of humic acid is not the same for each PCB, for 
example, in the presence of 10 ppm of humic acid, signals are reduced to 19 %, 29% and 
67% for PCB-126, PCB-153, and PCB-118, respectively and this decrease is 15.7%, 21.7% 
and 61.5% for 20ppm of humic acid. PCB-126 and PCB-153 show a profound effect on the 
BaP signal in the presence of humic acid, whereas, PCB-118/BaP has a very low effect in 
the presence of humic acid. There are two possibilities for interaction. Either both 
molecules (PCB and BaP) are sticking at the same location on the humic acid or they are 
still in the water cage and interacting without sticking to the humic acid.  
The presence of humic acid is challenging for PCBs sensing in water as it is decreasing the 
signal due to its hydrophobic pockets, but the hydrophobicity of PCBs is stronger than 
humic acid that is why BaP is still producing signals in the presence of PCBs. This system 
is strong enough to sense and develop a trend for PCBs in the maximum possible 
concentration of humic acid in freshwater.  
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4.3.4.3 Effect ionic strength 
Freshwater’s ionic strength typically varies from 1mM to 5mM. Whereas, groundwater 
has ionic strength ranges from 1mM to 20mM. The sensing interaction of BaP and PCBs 
are studied using three ionic strength values of 1 mM, 5 mM, and 20 mM. Since the 
electrolyte solutions deviate from the ideality, here salt ionic strength is converted to the 
activity coefficient to study the effect of deviation from ideal behavior.  Sodium 
Chloride(NaCl) is selected to control the ionic strength of the water, as its molar 
concentration is equal to the ionic strength (1:1 electrolyte) of water, it is calculated using 
the following equation 245 
𝐼 =
1
2
∑ 𝑐𝑖
𝑛
𝑖=1
𝑧𝑖
2 
Where 
𝐼 = ionic strength (M, mol/L) 
𝑐𝑖 = Molar concentration of ions i (M, mol/L) 
𝑍𝑖 = Charge number of the ion 
Since the highest ionic strength in this work is 20 mM (<1M), Extended Debye- 
Hückel equation can be used to calculate the ionic activity coefficient of each ion  
log γ =  
−0.51𝑧2√𝐼
1 + (𝛼√𝐼 305⁄ )
  
Where, 
γ = Activity coefficient  
𝛼 = Ion size parameter ( 400 Picometer for Na+, and 300 Picometer for Cl-) 
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Solution properties depend on both cations and anions in the water, for which, single-ion 
activity coefficients can be linked to the activity coefficient of the dissolved salt as if 
undissociated. The mean stoichiometric activity coefficient (𝛾±) of NaCl can be calculated 
with the following equation.  
𝛾±  = √𝛾+𝛾− 
Where  
𝛾+ and 𝛾− are the activity coefficients of cations and anions  
The ionic activity coefficient of Na+ and Cl- ions and the stoichiometric activity coefficient 
of the salt are calculated in the following table.  
 
Table 4.2: Ionic activity coefficient of individual ions and stoichiometric activity 
coefficient. 
 
Ionic Strength 
(mM) 
𝜸+ 𝜸− 𝜸± 
0 1 1 1 
1 0.96 0.96 0.96 
5 0.93 0.93 0.93 
20 0.87 0.86 0.87 
 
Figure 4.12(a,b and c) expresses the interaction of BaP and PCBs in the presence of activity 
coefficients of salt in water. Under the dilute electrolyte conditions, the activity 
coefficient is 1. However,  as the ionic concentration increases the solution behaves non-
ideally resulting in a decrease in the activity coefficient below 1, shown in table 4.2.  There 
are two reasons for the activity coefficient to be below 1.  
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Figure 4.12: BaP and PCBs in water with different salt activity coefficients.  
(a)- BaP and PCB-126 interaction. (b)- BaP and PCB-153 interaction. (c)- BaP and PCB-118 
interaction.  
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First, the ionic dipole interaction with a water molecule that leads to solute-solvent 
interaction. Secondly, the ion paring, in which  Na+ ions paired with Cl- ions in water and 
are less active, it results in the solute-solute interaction.  
The presence of sodium chloride is affecting the interaction of BaP and PCB. Since water 
molecules form a clathrate cage around the BaP/PCB pair. The existence of ions in water 
is causing the dipole interaction with water molecules and fewer water molecules are 
available for the hydrophobic pair. As the solution deviates from ideality (increase in salt 
concentration) the interaction of BaP and PCBs decreases, it is shown for both PCB-126 
and PCB-153. However, PCB-153 has high hydrophobicity and at lower activity coefficient 
fewer water molecules are around BaP/PCB-153, it is causing PCB-153 to crash out of 
water. PCB-118 has opposite effects in the presence of salt as compared to the other two 
PCBs. The decrease in the activity coefficient is increasing the hydrophobic interaction of 
BaP and PCB-118. The presence of ions might be increasing this interaction. However, like 
PCB-153, PCB-118 is also crashing out of the water at higher concentration. Electrolytes 
also cause “salting-in” or “salting-out” of non-electrolytes in water and salting-in or 
salting-out coefficients can be calculated using Setschenow equation. Nevertheless, the 
application of the Setschenow equation is outside the scope of this work, and it is not 
discussed here.   
4.3.5 BaP with real-world samples  
Benzo[a]pyrene (BaP) was also evaluated for real-world PCB samples. Samples were 
obtained from Arcadis, (Highlands Ranch, CO) using the Super Research Program (SRP) 
group platform. The water samples were used as obtained without any further 
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characterization. According to the Arcadis analysis, the sample contains Aroclor 1248 
from 30 to 100 µg/l. Moreover, the literature indicates that Aroclor 1248 is dominated 
with PCB-52, followed by PCB-44 and PCB-66 and other PCBs in small fractions. The upper 
limit of Aroclor 1248 in the sample is not high enough to be successfully detected by BaP. 
In order to overcome this problem, another PCB of known relationship to BaP was mixed 
with the real sample, and the interaction of PCB/BaP was observed in the presence of 
Aroclor 1248. For this purpose, PCB-153 was selected with three solvent samples (3 ml 
each), one the lab DI water, second the contaminated water and third the treated water 
from the remediation site. PCB-153 and BaP were added and mixed well for the 
interaction. The spectra for these interactions are displayed in figure 4.13(a,b and c). The 
changes in the intensity of BaP around an emission peak of 407nm are shown in figure 
4.13(d). BaP/PCB-153 is behaving the same way at a lower concentration of PCB-153 for 
DI water and contaminated water. They do show a unique behavior at 3µM and at the 
higher concentration of PCB-153 in the two solvents. Whereas, in treated water, this 
interaction is different from the contaminated water system. It might be because of the 
leftovers from the treatment system that Arcadis is using to treat the water. It is 
interacting with both PCB-153 and BaP and the concentration of PCB-153 goes higher 
than 6 µM in the treated water, the spectra starts to go down. It is because of the 
decrease in the solubility of BaP/PCB-153. 
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Figure 4.13: BaP interaction with real-world samples. 
PCB-153 with BaP in (a)- DI water, (b)- the presence of Aroclor1248 contaminated water, 
(c)- the treated water from the contaminated site. (d)- BaP peak intensity with PCB-153 
in three water solvents. 
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4.4 Conclusions 
Three different PCBs, PCB-126(Coplanar), PCB-118 (Mix-coplanar) and PCB-153 (Non-
coplanar) were successfully detected in water using hydrophobic interaction between 
PCBs and BaP. The interaction is diverse for each PCB molecule that depends on the 
numbers of chlorine atoms, their orientation and the geometry of the molecule. It is also 
found that this interaction is unique to non-organic solvent and does not exist in an 
organic solvent. PCB-153 demonstrates higher hydrophobic interaction in water than 
PCB-118 and PCB-126. Furthermore, presences of impurities affect the sensing of PCBs in 
terms of intensity and shape of spectra, but the dose-dependent trend exists despite the 
impurities. The increase in pH decreases the BaP intensity for PCB-126 and PCB-153, 
whereas it increases for PCB-118. Humic acid being an impurity for fluorescence also 
decreases BaP intensity for PCB-126 and PCB-153 but PCB-118 interaction with BaP does 
not change as much as the other two PCBs. Moreover, changing the ionic strength of 
water causes the sating-in or salting-out behavior of the PCBs/BaP complex. Increase ionic 
strength decreases the intensity for both PCB-126 and PCB-153 but for PCB-118, the 
intensity of BaP increases due to the salting-out phenomenon. PCB-126 and PCB-153 
produce the same trends but have opposite intensities levels. Whereas, PCB-118 is very 
contrasting compared to the other two PCBs. Based on the intensity trends, it is possible 
to detect each PCBs in water with allowable limits of impurities. BaP didn’t show 
promising results with the real-world samples due to the very low concentration of PCBs. 
This fluorophore can be immobilized on the particles to enhance the sensitivity and 
efficiency of the sensing system. 
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CHAPTER 5. EVALUATION, DESIGN, AND SYNTHESIS OF PYRENE FUNCTIONALIZED 
POLYMER PARTICLES 
5.1 Introduction 
Polymers have been widely used to improve the quality of human life. Polymers are large 
molecules, called macromolecules, consist of many simple repeated units.247 Artificial 
polymers have an advantage over natural polymers, they are reproducible under 
controlled conditions with a wide range of tailored properties such as degradation, pore 
size, chemical, physical and mechanical properties.248,249 Polymers can be organized with 
multiple components to harness novel properties.250 Polymer-based materials have been 
reported for environmental contamination sensing including gases, heavy metal ions, 
anions, organic compounds, and explosives.251,252  
In this work, it was hypothesized that the fluorescence dye from chapter 4 can be 
incorporated within the polymer network to enhance the sensitivity and the reusability 
of the sensing system. For this purpose, poly(acrylic acid) was selected as a polymer 
backbone due to its high hydrophilicity and controllable swelling. Water and hydrophilic 
polymer will push PCBs towards hydrophobic dye, and it will produce the same response 
as in chapter 4.  
Here, Pyrene was selected as a model fluorescent probe instead of BaP, because of the 
commercial availability of functionalized pyrene. Crosslinked poly(acrylic acid) 
microparticles were synthesized with pyrene molecules in the network. Poly(acrylic acid) 
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MPs swell above pKa 4.26 and let more analyte move into the polymer chains. These MPs 
are evaluated for the detection of polychlorinated biphenyls (PCBs) in water.  
5.2 Experimental section 
5.2.1 Material 
Unless otherwise stated, chemicals and reagents were used as received without any 
additional purification. 2,2',4,4',5,5'-hexachlorobiphenyl (PCB-153) and 2,3',4,4',5 
pentachlorobiphenyl (PCB-118) were purchased from AccuStandard Inc., (New Haven, 
CT). Mono-2-(methacryloyloxy)ethyl succinate, boric acid, 2,2’-azobisisobutyronitrile 
(AIBN) and pyrene were purchased from Sigma Aldrich, (St.Louis, Mo). 1-pyrenemethanol 
was purchased from TCI (Portland, OR). Polyethylene glycol diacrylate (400 MW) (PEGDA) 
was purchased from Polysciences, Inc. (Warrington, PA). N,N’-dicyclohexylcarbodiimide, 
4-dimethylaminopyridine, and acrylic acid were purchased from Acros Organics 
(Pittsburg, PA). Sodium hydroxide, acetic acid, toluene, and phosphoric acid were 
purchased from Fisher Scientific (Pittsburg, PA). Dimethyl sulfoxide-D6 was purchased 
from Millipore (Burlington, MA). Dimethyl sulfoxide (DMSO), dichloromethane (DCM), 
acetone, acetonitrile (ACN) and anhydrous tetrahydrofuran (aTHF) were purchased from 
Pharmaco, (Brookfield, CT). Molecular sieves of 3 angstroms were added to the organic 
solvents to keep them dry.  
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5.2.2 Method 
5.2.2.1 Solvent selection for Pyrene monomer (PyMMA) synthesis 
For the esterification reaction, four solvents were selected (acetonitrile, 
dichloromethane, acetone, and tetrahydrofuran). Mono-2-(methacryloyloxy)ethyl 
succinate (MMES) was kept at 1 mole equivalent to pyrene methanol (PyMeOH). For 
Steglich esterification reaction, N,N’-dicyclohexylcarbodiimide (DCC) was kept at 5 molar 
equivalents to PyMeOH and 4-dimethylaminopyridine(DMAP) at 1 molar equivalent to 
PyMeOH. Four reagents were dissolved in the solvent in the round bottom flask equipped 
with a magnetic stirrer and mixed the solution 24 hours under room temperature 
conditions. The flask was covered with aluminum foil to avoid light contact with PyMeOH. 
After a few hours, DCC started converting to white precipitates of dicyclohexylurea (DCU). 
After 24 hours, free DCC was converted to DCU by adding water in equivalent 
concentration to the total DCC. The mixture was stirred an additional 30 minutes for 
maximum conversion of DCC to DCU. White precipitates were separated using syringe 
filters. The clear solution was characterized.  
5.2.2.2 Synthesis and purification of PyMMA 
Based on the characterization results of PyMMA, ACN was selected as a solvent for the 
esterification reaction. Similar steps were repeated as in section 5.2.2.1 the synthesis of 
PyMMA. Water was added after 24 hours and white precipitates were separated using a 
syringe filter to obtain a clear solution. In order to remove the DMAP and unreacted 
pyrene methanol, around 8 volume times cold water was added to the solution to crash 
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out the product in the form of white precipitates. The mixture was placed in the 
refrigerator an additional 3 hours for maximum separation of the PyMMA. After that, the 
white particles of PyMMA were separated using centrifugation at 13000 rpm for 30 min. 
The supernatant was separated while the product was washed with water multiple times 
to analyze the DMAP to find the number of washes needed. Precipitates of PyMMA from 
the centrifuge were separated and dried in the freeze dryer. Dried PyMMA was 
redispersed in DCM and syringe filtered again to remove any remaining impurity. DCM 
was evaporated using a rotary evaporator. The final pure product was stored in the 
refrigerator until further use.  
5.2.2.3 Copolymerization of PyMMA and acrylic acid 
Acrylic acid was copolymerized with PyMMA in the presence of PEGDA as a crosslinker 
and AIBN as a free radical initiator. Two solvents mixtures were used in this work, 
DMSO/DCM and DMSO/toluene. First PEGDA (1 mole %) and PyMMA(1 mol%) were 
introduced in the glass vial and dissolved with DCM or toluene. After this, DMSO and 
acrylic acid in a volume ratio of 1:1 were added to the glass vial. Nitrogen was purged 
from the monomer’s solution for 15 minutes then AIBN (1 wt.% of total monomers) was 
introduced and stirred until AIBN was completely dissolved. A glass template was 
prepared using two glass plates separated by the Teflon spacer. Sides and bottom of the 
template were covered with parafilm to avoid any leakage. In addition, binder clips were 
used to hold the plates together. The monomer solution was introduced to the glass 
plate’s template and placed in a preheated oven at 60 oC for 3 hours. The film was 
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separated from the parallel glass template. It was first washed with DCM/toluene based 
on the initial solvent combination. Second, wash with DMSO and then third wash with DI 
water. Each wash lasted 20 minutes. Films were submerged in the solvent and placed on 
a plate shaker at low speed. Films were then separated and placed in the vacuum oven at 
50 oC for one day to remove the water.  
5.2.2.4 Py-PAA film cryomilling to the MPs 
The dried polymer film was then cryomilled to obtain microparticles using a SPEX Sample 
Prep 6875D Freezer/Mill using liquid nitrogen. The film was cut to fit within the stainless-
steel milling tubes. It was subjected to four milling cycles of 5 minutes each at 15 cycles 
per second CPS (max), with 5 minutes pre-cool and cooling in between each cycle. 
Microparticles were then collected and dried overnight in the freeze dryer and stored in 
a dark cold place.  
5.2.2.5 PCB detection using Py-PAA MPs 
 PCBs detection system, a stock solution of PCB was prepared in DMSO. PyMPs with a 
concentration of 0.1 mg/ml were dispersed in the DI water at altered concentrations 
levels of PCB being introduced into the solution. The interaction of pyrene from the MPs 
and PCBs was studied using fluorescence spectroscopy under stirring conditions to keep 
the MPs suspended in the solvent.  
 
 
 
5.2.3 Characterization  
5.2.3.1 High-Performance Liquid Chromatography (HPLC) 
In order to confirm the esterification reaction, the filtered product solutions from 
different solvents were diluted to 0.05 mg/ml (based on the initial Py-MeOH used) and 
analyzed using reverse-phase HPLC (Water Phenomenex C18 column, 5 μm, 250 mm 
(length) x 4.6 mm (ID) on a Shimadzu Prominence LC-20 AB HPLC system. The sample was 
introduced to the HPLC with an injection volume of 50 µl. The isocratic elution method 
was used with 30% water concentration along with ACN for 30 minutes run. The 
chromatogram was recorded at 240 nm.  
5.2.3.2 Proton Nuclear Magnetic Resonance (1H-NMR) Spectroscopy 
Esterification reaction was also studied using 1H-NMR spectroscopy. Reagents were 
dissolved in DMSO-D6 at a concentration of 10 mg/ml. Solution was transferred to the 
NMR tubes and analyzed using 400 MHz Varian 400-MR equipped with an ATB Probe 
using s2pul plus sequence. The obtained data was analyzed using TopSpin 4.02 software 
from Bruker.  
5.2.3.3 Fourier-transform infrared spectroscopy (FTIR) 
The new bonds in the product were also confirmed using FTIR spectroscopy. A Varian 
Digilab stingray FTIR system with a 7000e stepscan spectrometer was used. Powder and 
liquid samples were placed on the crystal and software methods were used to produce 
their spectra.  
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5.2.3.4 UV-Visible spectroscopy  
The absorbance spectra of the resultant product was analyzed using Varian Cary 50 Bio 
UV-Visible spectrophotometer. Samples were introduced in the holder using a quartz 
cuvette.  
5.2.3.5 Particle size analysis 
The particle size distribution was analyzed using Shimadzu SALD-7101 UV particle size 
analyzer operated using WingSALD software (ver. 1.02, Shimadzu). The refractive index 
was set to 1.4. First, the instrument was filled with the buffer solution for blank 
calibration. Second, MPs suspended in buffer solution were analyzed. MPs were 
dispersed 24 hours before the size analysis for equilibrium swelling. Last, the sample was 
introduced into the instrument and measured under stirring. Each sample was measured 
into triplicate.  
5.2.3.6 Fluorescence spectroscopy 
Fluorescence spectroscopy was performed using a Cary Eclipse spectrophotometer. It has 
a maximum spectral intensity of 1000 a.u. Samples were introduced into the 
spectrophotometer using a quartz cuvette from Starna Cells, Inc., (Atascadero, CA). The 
instrument was equipped with “Cary Single Cell Peltier Accessory” for temperature 
control and stirring facility. MPs samples were analyzed under continuous stirring.  
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5.3 Results and Discussion 
5.3.1 Selection of Pyrene as a potential fluorophore for PCBs sensing 
In the previous chapter, PCBs were detected using BaP. While it is preferable to study BaP 
conjugated into polymer networks, BaP with reactive groups is not commercially 
available. As an alternative, pyrene was used in this study. To confirm the ability of pyrene 
as BaP analog, it was hypothesized that pyrene will behave in the same fashion as BaP in 
the organic solvents and with PCBs. For this purpose, the fluorescence spectra of pyrene 
was first studied in a range of organic solvents to evaluate its response to the surrounding 
environment. Pyrene in a concentration of 1 µM was dissolved in water, EtOH, DMSO, 
ACN, ethyl acetate, toluene, and nHexan. Pyrene excitation and emission spectra in EtOH 
are shown in figure 5.1. The emission spectra of pyrene have five distinctive emission 
band peaks. Here, only focus at I1 (375 nm) and 15 (394 nm), the ratio of I5/I1 intensity 
increases with a decrease in the polarity of the local environment around pyrene. 220,253,254 
The trend is seen in figure 5.2 (a). Whereas, pyrene peak intensity of I1 (375 nm) in 
different solvents is given in figure 5.2 (b). Pyrene peak intensity is decreasing with 
decreasing the polarity index of the solvents. Similarly, to BaP, pyrene has the ability to 
react to the change in the surrounding environment.  
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 Figure 5.1: Pyrene excitation and emission spectra in ethanol. 
 
Figure 5.2: (a)- Pyrene I5 and I1 peak ratio in different solvents and its relation to the 
polarity index of the solvent. Solution was excited at 334nm. (b)- Peak intensity of pyrene 
at 375 nm in different solvents and its relation to the polarity index of the solvent.  
0
200
400
600
800
200 250 300 350 400 450 500
In
te
n
si
ty
 (
a.
u
)
wavelength (nm)
Excitation wavelength: 240 nm
Emission wavelength: 394 nm
0
2
4
6
8
10
12
1
1.1
1.2
1.3
1.4
1.5
1.6
water DMSO ACN EtOH Ethyl
Acetate
Toluene nHexane
P
o
la
ri
ty
 In
d
e
x
I5
/I
1
Solvents
I5/I1
Polarity Index
(394/375)
0
2
4
6
8
10
12
20
200
water DMSO ACN EtOH Ethyl
Acetate
Toluene nHexane
P
o
la
ri
ty
 In
d
e
x
In
te
n
si
ty
 (
a.
u
)
Solvents
Intensity
Polarity Index
Emission peak: 375 nm
(a) 
(b) 
123 
 
 
The peak ratios(I5/I1) of pyrene remained unaffected in water in the presence of PCBs. 
However, pyrene emission and excitation spectra intensity changes in the presence of 
PCB-153 in water. The excitation spectra of Pyrene/PCB-153 and PCB-153 are shown in 
figure 5.3(a) and 5.3(b), respectively. The spectra show that pyrene fluorescence intensity 
and shape are sensitive to the presence of PCBs in water. Pyrene fluorescence response 
to the surrounding environment and to PCBs confirms that it is an excellent analog to BaP 
for contaminant detection. Pyrene/PCB-153 are excited at three wavelengths of 237nm, 
282nm, and 334 nm to see the change in the first peak of pyrene around 375 nm. The 
emission spectra of Pyrene/PCB-153 and PCB-153 control are shown in figure 5.4. Pyrene 
intensity is changing at these three excitation wavelengths, whereas, PCB-153 control 
remains unchanged at all the excitation wavelengths. The intensity ratios for pyrene are 
plotted in figure 5.5.  
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Figure 5.3: (a)- Excitation spectra of Pyrene with PCB-153 in water, (b)- Excitation spectra 
of PCB-153 control in the water. Emission wavelength of 375nm. 
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Figure 5.4: Pyrene and PCB-153 interaction in water. 
(a)-Emission spectra of Pyrene with PCB-153 in water. Excitation wavelength of 237nm. 
(b)- Emission spectra of PCB-153 control in water. Excitation wavelength of 237nm.  
(c)- Emission spectra of Pyrene with PCB-153 in water. Excitation wavelength of 282 nm. 
(d)- Emission spectra of PCB-153 control in water. Excitation wavelength of 282 nm.  
(e)- Emission spectra of Pyrene with PCB-153 in water. Excitation wavelength of 334 nm. 
(f)- Emission spectra of PCB-153 control in water. Excitation wavelength of 334 nm. 
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Figure 5.5: Pyrene peak intensity at 375 nm with PCB-153 at three excitation wavelengths.  
 
5.3.2 Preparation of pyrene monomer 
Since pyrene showed an interaction with PCB-153. It was incorporated into the polymer 
particles. For this purpose, hydroxy-pyrene was selected. It was reacted with Mono-2-
(methacryloyloxy)ethyl succinate (MMES) using an esterification reaction as shown in 
figure 5.6. This reaction synthesized the pyrene with methyl methacrylate group. This 
mechanism can also be applied to functionalized BaP to incorporate into the polymer 
network.  
5.3.3 Solvent selection and HPLC spectroscopy 
The esterification reaction was initially carried out in ACN, DCM, acetone, and THF to find 
out the appropriate solvent. MMES was 1.5 molar equivalent, DCC was 5 molar 
equivalents and DMAP was 1 molar equivalent to PyMeOH. 
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Figure 5.6: Steglich esterification reaction of PyMeOH and MMES in the presence of DCC 
and DMAP for 24 hours. 
 
The solution was stirred for 24 hours in aluminum covered round bottom flask. Unused 
DCC was converted to DCU precipitates and separated. Samples were analyzed using 
HPLC to find out the peaks of PyMeOH and PyMMA in each solvent. HPLC spectra are 
shown in figure 5.7. Samples were syringe filtered prior to the injection to the HPLC 
column. An injection volume of samples was 50µl and the temperature kept constant at 
40 oC during the elution time. Due to the presence of OH in PyMeOH, it is eluding very 
early around 6.45 min. Whereas, the ester product PyMMA, does not have any 
hydrophilic group (-OH or –COOH) and the presence of extra carbons in the chain makes 
it more hydrophobic and eluding very late around 16.6 min. Two solvents DCM and ACN 
indicate a very good peak of PyMMA. Whereas, acetone HPLC spectroscopy in figure 
5.7(b) displays a broader peak of PyMMA between 15 min and 18 min. 
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Figure 5.7: Esterification reaction in solvents. 
Esterification reactions were carried out in (a)- DCM. (b)- acetone. (c)- ACN. (d)- THF. All 
the HPLC samples were analyzed using 30% water in ACN and absorbance recorded at 240 
nm. 
 
Similarly, THF has unique peak shapes for both PyMeOH and PyMMA. Both molecules are 
making two peaks that are difficult to analyze. Solvents were screened based on the 
PyMMA peak shape and the presence of unreacted PyMeOH in the product. DCM, 
acetone, and THF have unreacted PyMeOH with the product. Whereas, ACN displays 
almost no sign of PyMeOH with the product. Based on the HPLC spectroscopy analysis, 
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ACN is the one giving the maximum conversion. Hence, ACN was selected as the reaction 
solvent.  
5.3.4 Purification of the reaction product  
Samples analyzed in figure 5.7 have only DCC removed. It is because DCC converts to DCU 
in the presence of water. DCC needs to be removed before injecting the sample to the 
HPLC for the column safety. As observed in the HPLC chromatogram, the sample contains 
DMAP and trace amounts of MMES. DMAP acts as a catalyst in the acyl transfer reaction 
in the esterification and it needs to be removed from the product. DMAP appears at 
around 1.9 min in the HPLC analysis. Products were precipitated into cold water around 
8 times the volume of the solvent and supernatant was separated using centrifuging and 
analyzed for DMAP peak in the HPLC. Washing was repeated four times to remove DMAP 
completely from the product. HPLC analysis of supernatant from each washing step is 
shown in figure 5.8(a). DMAP gradually goes away with each washing step and after four 
cycles the product was pure. The spectra illustrate the absence of DMAP peak. DMAP 
intensity in terms of (mV) is plotted in figure 5.8(b). DMAP in the sample decreases after 
each wash. It is very important to carefully consider the number of washes as each wash 
causes the product lost. In order to avoid the product lost it is wise to do only one wash 
as maximum DMAP is being removed after a single wash. 
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Figure 5.8: Number of washing steps for the purification of the product.  
(a)- HPLC spectroscopy of esterification product without washing. DMAP peak falls around 
1.9 min. The supernatant obtained from washing steps shows the removal of DMAP and 
the final pure product. DMAP is absent from the purified product. (b)- DMAP coming out 
in the supernatants.  
 
 
5.3.5 Characterization of PyMMA  
5.3.5.1 Proton Nuclear Magnetic Resonance (1H-NMR) Spectroscopy 
The esterification was further confirmed using 1H-NMR. All the reagents and the product 
were dissolved in the DMSO-D6 at a concentration of 10 mg/ml. The 1H-NMR spectra are 
shown in figure 5.9. MMES has five distinguish peaks (C,C,E,F,d).255 Four peaks (c, f, d) of 
MMES are present in PyMMA. Similarly, peaks (R, a) from PyMeOH are also present in the 
PyMMA. The presence of all the peaks from both reagents and the absence of peak (b) 
from the PyMeOH indicates the reaction has been carried out successfully. The absence 
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of any additional peak in the product also suggests the product is pure and there is no 
impurity (DMAP/DCC/DCU) present in the final product. 
Figure 5.9: 1H-NMR spectroscopy analysis of PyMeOH, MMES and PyMMA using 400 MHz 
Varian 400-MR NMR spectrophotometer. 
 
Presence of high electronegative oxygen in PyMMA closer to the –CH group (peak a) from 
PyMeOH, decreases the electron density. It deshields the protons (peak a) from the 
external magnetic field and moves the peak to the left as shown in figure 5.9. 
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5.3.5.2 UV-Visible spectroscopy  
The absorbance properties of PyMMA and reagents were analyzed using the UV-Vis 
spectroscopy. The spectra are shown in figure 5.10. These reagents were analyzed in ACN, 
first ACN blank was run to obtain the background signal of the solvent and then all four 
samples were analyzed. PyMeOH absorbance spectra is very close in shape to that of pure 
pyrene. Except for the position of the peaks at 275 nm, 326 nm, and 342 nm, these peaks 
are little to the right as compared to the pure pyrene. Whereas, PyMMA spectra is 
distinctive from pyrene or PyMeOH spectra. The presence of an additional long chain is 
changing the absorbance properties of PyMMA. It has peaks around 240 nm and 275 nm, 
which are in the same spot as PyMeOH peaks but with low intensity. The extra dome-
shaped region falls between 248nm and 269nm. It is because of the additional chain 
group in PyMMA. Moreover, the other two peaks at a higher wavelength of 326 nm and 
342 nm fall at the same place as for PyMeOH.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.10: UV-Vis absorbance spectra of PyMeOH, Pyrene, PyMMA, and MMES in 
acetonitrile (ACN).  
0.00
0.20
0.40
0.60
0.80
1.00
200 220 240 260 280 300 320 340
A
b
so
rb
an
ce
 (
a.
u
)
wavelength (nm)
Pyrene
PyMeOH
PyMMA
MMES
134 
 
 
5.3.5.3 Fourier-transform infrared spectroscopy (FTIR) 
FTIR spectra of the reagents used in this reaction and the product (PyMMA) are shown in 
figure 5.11. DCC and DMAP peaks are missing in PyMMA which, indicates the purity of 
the product. The peak around 1720 cm-1 is the C=O stretch that is the part of the ester 
bond and peaks at 1145 cm-1 is the C-O stretching that also indicates the presence of the 
MMES chain in the product. Whereas the peak around 1590 cm-1 represents the C=C 
stretching, it endorses the presence of aromatic ring in the product, which is the part of 
the pyrene molecule. Peak around 2980 cm-1 indicates the aliphatic C-H stretching. FTIR 
confirms the purity of the product and the reaction of the reagents.  
 
 
 
 
 
 
 
 
Figure 5. 11: FTIR spectra of reagents and the product. DCC and DMAP peaks are missing 
from the PyMMA spectra that show the purity of the product. 
Peaks at 1720 cm-1, 1145 cm-1, and 1590 cm-1 confirm the reaction and product formation. 
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5.3.6 Interaction of PyMMA with PCBs in water 
Since pyrene reveals prominent interaction with PCB in water. Keeping that interaction in 
mind PyMMA was prepared to incorporate it into the polymer network. Before moving 
to the polymer-based particle system, it is very important to make sure the modification 
of pyrene with MMES is not making PyMMA inert to PCB in an aqueous system. PyMMA 
stock was prepared in DMSO and then introduced into the water along with PCB-153. The 
excitation and emission spectra of PyMMA with PCB-153 are shown in figures 5.12(a) and 
5.12(b). The spectra at 282 nm are shown here, it resembles with pyrene spectra. The 
intensity ratios are plotted in figure 5.12(c). PyMMA alone has a very weak fluorescence 
response in water but these signals increase in the presence of PCB-153. The intensity 
ratio of pyrene at 282 nm goes beyond 3.5, whereas for PyMMA it is beyond 500. Both 
pyrene and PyMMA are behaving differently in water in the presence of PCB-153. PyMMA 
exposes way higher sensitivity than pyrene. The presence of an additional chain is making 
PyMMA more hydrophobic and enhancing its interaction with PCB-153 in water. Since 
PCB-153 has chlorine atoms that are electron-withdrawing groups. It is possible that the 
presence of an ester chain in pyrene making it an electron-donating molecule. This 
electron-donating and accepting combination is inducing a strong effect in enhancing the 
interaction (attractiveness) and quantum yield of PyMMA.  
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Figure 5.12: PyMMA emission and excitation spectra with PCB-153 in water. 
(a)- Excitation spectra of PyMMA with and without PCB-153 in water. PyMMA (0.2 ppm), 
emission wavelength of 375 nm. (b)- Emission spectra of PyMMA with and without PCB-
153 in water. PyMMA (0.2 ppm), Excited at a wavelength of 282 nm. (c)- PyMMA intensity 
ratio in the presence of PCB-153 excited at 282 nm and 334 nm. The emission peak is 
around 382 nm.  
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5.3.7 Polymerization and size reduction analysis  
PAA was polymerized with PEGDA and PyMMA. DMSO was selected because of the high 
polymerization temperature. However, PyMMA was unable to solubilize in DMSO at 
higher concentrations. For polymerization two solvent system was selected. PyMMA was 
solubilized in four organic solvents, toluene, ACN, DCM and methyl ethyl ketone (MEK). 
Then PyMMA solution was mixed with DMSO and other monomers for polymerization. 
Polymerization was not very successful in MEK/DMSO and ACN/DMSO solvents. However, 
toluene/DMSO and DCM/DMSO successfully polymerized the polymer film. The film 
shape and appearance for different steps are shown in figure 5.13. These films have only 
1-mole percent loading of PyMMA along with 1-mole percent PEG400DA for crosslinking. 
The crosslinking ratio is low so that the MPs can swell more and let more and more PCB 
interact with pyrene. Cryomilled MPs are shown in figure 5.13(d). These MPs were freeze-
dried overnight to remove any trapped moisture within the polymer network. Since PAA 
is rich with carboxyl groups, it dissociates in water, which makes it a pH-responsive 
polymer. PAA has a pKa value of 4.2. When the pH increases beyond pKa, it causes the 
dissociation of carboxylic groups in PAA and releases the protons in water. The proton 
acceptor from the base at higher pH accepts these protons. It left PAA negatively charged 
side chains (COO-) that have strong repulsion. This repulsion of the charges and increase 
affinity towards water causes the swelling of the polymer at higher pH. For experimental 
purposes, it is very important to analyze these MPs in buffered pH instead of DI water. 
For this purpose, Britton-Robinson buffer solutions of pH 3,5 and 7 were used.256 
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Figure 5.13: Polymer films after synthesis in (a)- DCM/DMSO,(b)- toluene/DMSO. (c,d)- 
Polymer films after washing. (e,f)- Polymer films after drying. (g,h)- PyMPs after 
cryomilling. Left-hand side figures present DCM/DMSO solvent system and right-hand 
side figures present toluene/DMSO system. 
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The diameter size is shown in figure 5.14. PyMPs show a very good response to the pH. 
At low pH, PyMPs are collapsed, and their size is very small. As pH increases, PyMPs swell, 
and their diameter increases. DMSO is studied to analyze the effect of organic solvent. 
Since side-chains of PAA do not deprotonate in DMSO and it does not swell. The high 
value of diameter is due to the agglomeration of MPs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.14: MPs diameter in the buffer and in DMSO. The diameter is increasing with 
increasing the pH of the water. The high diameter size in DMSO is not the swelling, it is 
because of the aggregation of the MPs.  
 
5.3.8 Characterization of PyMPs 
5.3.8.1 Fluorescence properties of PyMPs 
PyMPs mainly consist of PAA that has very good swelling properties in water. This swelling 
also changes the pyrene fluorescence properties. The fluorescence spectra of PyMPs is 
shown in figure 5.15 for three pH levels. At a lower pH value of 3, PyMPs are not 
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deprotonated and do not have any repulsion within the polymer network, most of the 
pyrene is not exposed to the light. Only surface pyrene is being prone to the light that’s 
why PyMPs have very low fluorescence spectra at lower pH. When the pH increases to 
the higher value (pH 5), it starts to swell due to deprotonation the more pyrene is exposed 
to the light. The excimer part of pyrene is still very close to each other at that swelling 
and pH value. However, at a pH of 7, there is a lot of swelling of PyMPs that is shown in 
figure 5.14 with higher diameter. At this pH, higher swelling increases the distance 
between pyrene molecules that not only decreases the excimer part but also exposes 
more pyrene to the light. PyMPs have the highest fluorescence spectra at pH-7. These 
MPs were also dispersed in DMSO to dissolve any free form of pyrene from the MPs. 
Supernatants of three buffer solutions and DMSO are shown in figure 5.16. There is 
almost no sign of PyMMA molecules in the supernatant.  
 
 
 
 
 
 
 
 
Figure 5.15: Change in shape and peak intensity of PyMPs in pH. PyMPs were loaded with 
4 mol% PyMMA and excited at 344 nm.  
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Figure 5.16: Supernatant of MPs from buffer solution and DMSO to analyze if there is free 
PyMMA associated with the PyMPs.  
 
5.3.8.2 UV-Visible spectroscopy of MPs 
The absorbance properties of PyMPs were analyzed using the UV-Vis spectroscopy. The 
spectra of pyrene, PyMMA, and PyMPs are shown in figure 5.17. Pyrene and PyMMA were 
analyzed in ACN and PyMMA in a buffer (pH-5). First blanks were run to obtain the 
background signal of the solvent and then all three samples were analyzed. Pyrene in all 
three forms has distinguished spectra. In between 300 nm to 360 nm, all three forms have 
the same shape but distinctive intensity and separate peak location. The last peak of 
pyrene is at around 315 nm, whereas these peaks shift to 342nm and 344nm for PyMMA 
and PyMPs, respectively. The incorporation of PyMMA in the polymer network is causing 
the bathochromic (redshift) in the wavelength of the last two peaks in the absorbance 
spectra.  
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Figure 5.17: UV-Vis absorbance spectra of PyMMA and Pyrene in acetonitrile (ACN). 
 
5.3.9 PyMPs interaction with PCBs 
After the characterization of PyMPs, their interaction with PCBs was evaluated. PyMPs 
were dispersed in 3 ml of buffer solution in glass vials and then PCBs were introduced. 
These glass vials were covered with aluminum foil to avoid the light exposure to pyrene 
molecules in the PyMPs and placed on the plate shaker for 24 hours for maxim absorption 
and contact between pyrene and PCB. The mixture was then placed in a quartz cuvette 
and placed in the cell holder with magnetic string arrangements, inside the fluorescence 
spectroscopy instrument as shown in figure 5.18. This stirring is vigorous enough to keep 
the PyMPs suspended in the buffer solution but gentle enough to avoid the formation of 
any vortex that can affect the incident light.  
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Figure 5.18: Quartz cuvette placed inside the fluorescence instrument fitted with a 
magnetic stirring arrangement. A magnetic bar is used to keep the MPs suspended in the 
pathway of the light. 
 
The fluorescence spectra for PCB-118 with PyMPs and with PAA MPs control in three pH 
of 3,5 and 7 are shown in figure 5.19. Whereas, the change in the peak intensity of PyMPs 
with PCB-118 and PCB-153 in the buffer solutions are shown in figures 5.20(a and b). 
Pyrene and PyMMA interacted with PCBs in water but pyrene in bound form is not 
interacting with PCBs in water. These PyMPs have only 1 mol% PyMMA loading. PyMPs 
of different loadings were also studied with PCB-153 to investigate if the interaction 
depends on the Pyrene concentration within the PyMPs. The peak intensity ratios of 
PyMPs in three pH with PCB-153 are plotted in figure 5.21. The system was excited at two 
excitation wavelengths of 242 nm and 344 nm. The excitation wavelength of 242 nm 
reveals the presence of interaction of PCB-153 and PyMPs. It is still unknown whether it 
is shielding or quenching effect. However, the higher excitation wavelength is the main 
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focus. PyMPs in pH-3 express the presence of some sort of interaction for PyMMA loading 
of 0.1, 1 and 4 moles %. But the ratios are small with high error bars. 
Figure 5.19: (a): PCB-118 with PyMPs (0.05 mg/ml) in three pH, (a)-pH-3, (c)- pH-5 and (e)- 
pH-7. PyMPs control in three pH, (b)- pH-3, (d)- pH-5 and (f)- pH-7. The system was excited 
at 334 nm. 
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Figure 5.20: (a)- PyMPs peak intensity around 378 nm with PCB-118 in three buffer 
solutions. (b)- PyMPs peak intensity around 378 nm with PCB-153 in three buffer 
solutions. Both systems were excited at 334 nm with PyMPs concentration of 0.05 mg/ml 
and 1 mol% PyMMA loading.  
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Figure 5.21: PyMPs (0.1 mg/ml) with different PyMMA loading with PCB-153 excited at 
242 nm in three pH, (a)-pH-3, (c)- pH-5 and (e)- pH-7. All the systems excited at 344 nm in 
three pH, (b)- pH-3, (d)- pH-5 and (f)- pH-7. 
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At pH-5 only PyMMA (4 mole %) has little interaction, showing the decrease in the 
intensity ratio, but this ratio is very small. pH-7 has a decreasing trend for all PyMMA 
loadings, but this decrease in intensity ratio is very small for the high concentration of 
PCB-153 in the system. Apparently, PyMPs are not interacting with PCBs as initially 
anticipated from Pyrene and PyMMA’s interaction with PCBs. Even Pyrene was analyzed 
with PAA MPs to investigate if PAA is changing pyrene’s fluorescence properties. Figure 
5.22 illustrates peak intensity kinetics of pyrene with and without PAA MPs in various 
buffer solutions. Fluorescence signals of free pyrene in the buffer solution are not being 
affected by the PAA MPs. Pyrene is staying away from PAA MPs, as it is hydrophobic and 
PAA MPs are hydrophilic. In case of PyMPs, either pyrene properties are being changed 
after polymerization with PAA or it is also possible that due to the high hydrophilicity of 
PAA, PCB is not even going close to the PyMPs. Since PAA does not dissociate at lower 
pH-3. It is possible that PCB is interacting with pyrene in PyMPs but due to the compact 
structure of PyMPs at pH-3, only a few pyrene(surface) molecules are accessible for the 
interaction and that’s why there is a change in the intensity ratio at this pH.  
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Figure 5.22: Pyrene with and without PAA MPs excited at 334 nm and intensity recorded 
sat emission 378 nm in three buffer solutions, (a)- pH-3, (b)- pH-5 and (c)- pH-7.  
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5.4 Conclusions 
In this work, pyrene and PCBs interaction was successfully studied to show that it is an 
analog of BaP. This interaction was also successfully observed in the branched pyrene 
monomer(PyMMA). The interaction of PyMMA/PCB-153 showed more prominent 
sensitivity to the presence of PCBs than pyrene. This monomer was successfully 
polymerized with PAA and crosslinked with PEGDA. Due to the presence of carboxylic acid 
in PyMPs, these MPs showed pH-dependent swelling and fluorescence intensity signals. 
As the swelling increases with increasing the pH more pyrene was exposed to the incident 
light and increases the emission intensity. PyMPs presented weak interaction with PCB-
153 at a lower pH value of 3, it is because of the low hydrophilicity of the PyMPs. At higher 
pH (5 and 7) PAA is deprotonated in PyMPs that led to the increase in hydrophilicity of 
the PyMPs that repels PCBs away from the PyMPs. This research shows that more studies 
are needed to investigate the absence of PyMPs and PCBs interaction in the water.  
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CHAPTER 6. CONCLUSIONS AND FUTURE STUDIES 
In this work, fluorescence method was utilized for the detection of PCBs in water. Since 
PCBs have very weak fluorescence properties, they were studied using indirect 
fluorescence detection techniques. First, various fluorophores were screened based on 
the fluorescence quenching mechanism to finalize a potential displacement pair for PCBs 
detection. The quenching pair was utilized by conjugating the curcumin to polymer 
microparticles(MPs) and allowing BaP to freely absorb for displacement. Poly(curcumin) 
MPs displayed a high uptake of BaP from the solvent. Moreover, based upon the 
displacement studies, it was found that the predominant signals observed resulted from 
the direct interaction of BaP and PCBs in the solution phase. Additionally, it was also 
observed that BaP fluorescence spectra was sensitive to the surrounding environment 
(nature of the solvents). BaP’s fluorescence sensitivity was exploited to successfully 
detect PCB-126(Coplanar), PCB-118(Mix-coplanar) and PCB-153(Non-coplanar) in water. 
The interactions for each PCB resulted in a unique response with BaP, which is a function 
of numbers of chlorine atoms, their orientation, and the geometrical shape of the 
molecule. As PCB-153 revealed the greatest interaction to BaP it also has the highest 
hydrophobicity, of the PCBs studied. Furthermore, the presence of impurities and water 
quality affect the sensing of PCBs in terms of intensity and shape of spectra, but dose-
dependent trend exists under allowable water conditions. 
Pyrene was studied as an alternative to BaP, comparing its fluorescence in different 
organic solvents to observe the sensitivity to the surrounding environment. Pyrene 
displayed a very good interaction with PCBs in water like BaP. Pyrene methanol (PyMeOH) 
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was successfully converted to pyrene methacrylate monomer, PyMMA. This monomer 
also disclosed a very good interaction with PCB-153 that was superior to the pyrene. 
PyMMA was polymerized with PAA and crosslinked with PEGDA using free radical 
polymerization and cryoground to the MPs. The presence of carboxylic acid side chains in 
PAA made PyMPs a pH-sensitive network. These PyMPs showed pH-responsive swelling 
determined through the size analysis and pH-dependent fluorescence intensity. However, 
PyMPs did not show the interaction with PCBs as initially predicted. Pyrene and PyMMA 
interacted with PCBs at pH (3,5 and 7). Only pH-3 exhibited some interaction, that might 
be because of the lower hydrophilicity of PyMPs attracted the PCBs to the surface pyrene 
in PyMPs. Nevertheless, at pH 5 and 7, high hydrophilicity of PyMPs kept PCBs away from 
the MPs that hindered the PyMPs interaction with PCBs in water.  
6.1 Future studies 
Pyrene demonstrated an effective alternative to benzo(a)pyrene(BaP) for PCBs sensing in 
water. Even the functionalization of pyrene to pyrene monomer denoted promising 
results with PCB-153. The research revealed the existence of the polymer inhibited the 
PCBs interaction with pyrene. There might be two possibilities of this hindrance. One, 
availability and/or orientation of pyrene within the PyMPs network. Second, PCB is being 
repelled by the polymer to keep it away from pyrene. To test what is the root cause of 
this inhibition. I would recommend two studies for future work. 
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6.1.1 Evaluation of the polymer backbone  
Pyrene bounded to the polymer network is not able to detect PCBs in water. PAA is 
repelling PCBs from the hydrophilic core due to the presence of carboxylic acid chain 
groups, creating highly charged core. This repulsion force can overcome the attraction 
force between pyrene and PCB. PyMPs first dispersed in PCBs aqueous system for 24 
hours for equilibrium. The PyMPs will be spun down and the supernatant will be analyzed 
for the remaining PCBs in the water using the protocol from chapter 4 as shown in figure 
6.1. The resultant spectra/intensity can be compared with the control. In this way, it’ll be 
easy to find out if PAA is the problem for PCBs repulsion from the PyMPs, and it will help 
in the selection of a more appropriate polymer backbone.  
Figure 6.1: PyMPs capability of binding the PCBs to pyrene sites can be analyzed using the 
binding study. The remaining un-attached PCBs in the supernatant can be analyzed using 
the protocol in chapter 4 with the help of BaP. 
153 
 
 
 
It is also possible that the polymerization of PyMMA within the PAA network is causing 
the steric hindrance or geometrical orientation problem of the complex. These 
impediments are not letting the pair(pyrene/PCB) to transfer energy as in case of 
hydrophobic interaction. If this is the case then the experiment in figure 6.1, should 
display a low value of PCB in the supernatant, indicating that PCB is bounding to pyrene, 
but no energy transfer is taking place.  
6.1.2 Pyrene distance from the nanoparticles  
It is also possible that the polymer network is not letting the pyrene molecule adjust to a 
degree that is required for the hydrophobic interaction of PCB and pyrene. This problem 
can be solved by keeping the pyrene molecule away from the particle core using 
nanoparticles instead of microparticles. The sensitivity of the pyrene molecule can be 
further enhanced by using electron-donating groups. Since chlorines in PCBs are electron-
withdrawing groups. Pyrene with the electron-donating group can be analyzed for 
electron-donating and withdrawing combination for enhanced interaction. Different 
functional groups have diverse properties, for example, hydroxyl (-OH), amino (-NH2), and 
acetylamino (-NHCOCH3) groups as electron-donating and cyano (-CN), carbamoyl (-
CONH2), ethynyl (-C≡CH), ethenyl (-CH=CH2), and formyl (-CHO) functions as 
representative electron-withdrawing groups.257 
One of the proposed combinations is shown in figure 6.2. Where the polymer is obtained 
in the form of functionalized NPs to attach amino-pyrene through a linker chain. This will 
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not only keep the pyrene away from the NPs to minimize the effect of polymer but also 
attract more PCB based on the electron-donating and accepting combination.  
 
 
Figure 6.2: Polymer nanoparticles functionalized with pyrene molecule through long-
chain linker using esterification/amidation combination reactions. 
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